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Abstract
Continuous measurements of atmospheric ammonia (NH3) exchange were conducted 
for a period o f 19 months (May 1998-November 1999) over intensively managed 
grassland (cut twice for silage and grazed) in southern Scotland using the 
aerodynamic gradient method. The mean NH3 concentration and flux for the whole
t 9  1
measurement period were 1.52 pg m' and 13.9 ng n f  s’ , respectively.
Enhanced emissions o f NH3 were observed following four separate grass 
cutting events (June 1998, August 1998, June 1999 and May 2000) with peak 
emissions of 380, 200, 539 and 508 ng m ’2 s '1, respectively. The magnitude of these 
emissions was up to an order o f magnitude greater than the emissions observed from 
the grassland prior to cutting. Enhanced NH 3 emissions from cut grassland have been 
observed, but not quantified prior to this study.
The NH 3 exchange was bi-directional with large diurnal and seasonal 
variation, which was strongly linked to grassland management in addition to 
meteorological conditions. The grassland varied from being a net sink for NH3 
during winter months (-6.0 g NH3-N ha ' 1 d '1) and prior to cutting o f the grass (-4.9 g 
NH3-N ha ' 1 d’1) to being a net source after the grass was cut (29.3 g NH 3-N ha ' 1 d '1) 
and after nitrogen fertilisation (153.6 g NH3-N ha ' 1 d’1). Net emission was also 
observed during grazing periods (33.0 g NH 3-N ha ' 1 d '1). The pattern o f NH3 
exchange was similar for 1998 and 1999.
The net annual budget o f NH3 exchange for the grassland for May 1998-April 
1999 was emission o f NH 3 o f 1.9 kg N ha ' 1 yr'1, equating to 1.6% of the fertiliser N 
applied. The gross emission flux for the year was 4.2 kg N ha ' 1 yr’1. Scaling up these 
gross emissions across the whole o f the UK improved grassland (60,500 km2) would 
lead to 25 kt NH3 -N, equivalent to 9.5% of the UK total emissions. These results 
indicate that the gross emission from all processes in fertilised grassland, including 
emissions from fertilisation, grazing and from cutting, make a significant 
contribution to the NH 3 emission budget o f the UK.
A two-layer canopy compensation point resistance model was applied to the 
NH 3 measurements. Close agreement between measured and modelled fluxes was 
obtained by introducing seasonally dependent functions o f the foliar and ground 
layer emission potentials (rs, rg) for key periods. This is a significant improvement 
on the current use o f constant emission potentials within national deposition models.
In addition to the resistance modelling approach, a fully dynamic grassland 
ecosystem model (PaSim) was applied to the NH 3 measurements. In PaSim, the 
emission potentials and NH3 exchange are linked functionally to dynamic plant and 
soil N pools. Scenarios o f changing climate and management were explored with the 
model. The simulated NH 3 emissions did not follow the expected thermodynamic 
response to a rise in temperature and demonstrated the complexity of the ecosystem 
level response o f NH3 exchange to climate change. Simulated NH3 emissions were 
reduced by 15% by delaying the timing of fertiliser applications by two weeks, 
indicating the potential o f this measure as an NH3 abatement option.
The first major intercomparison of NH3 gradient measurements was conducted 
during a field campaign over intensively managed grassland in Germany. Enhanced 
emissions o f NH3 after grass cutting were also observed at this site, providing 
additional corroboration for this emission source, while the temporal pattern of 




1.1 Ammonia and its role as an atmospheric pollutant
1.1.1 Am m onia in the atm osphere
Ammonia (NH3) is the dominant base in the atmosphere, and can exist in three 
phases: i) gaseous, as NH3; ii) particulate, as ammonium (NH4+), for example as 
ammonium sulphate (NH4 )2 S 0 4, and iii) liquid, for example as NH4OH in cloud or 
fog droplets. NH 3 and NH4+ are collectively known as NHX. The partitioning between 
the gas and particulate phase is regulated by chemical reactions with sulphuric, nitric 
and hydrochloric acid as follows:
The reaction o f NH 3 with acidic sulphate aerosol is generally seen as irreversible, 
because the vapour pressure o f ammonium sulphates is small (Seinfeld and Pandis, 
1998). However, reaction with both nitric acid and hydrochloric acid is reversible, 
due to the significant vapour pressures of ammonium nitrate and ammonium chloride 
(Pio and Harrison, 1987; Mozurkewich, 1993).
Ammonia is extremely soluble in water, although the solubility decreases with 
increasing temperature according to the Henry equilibrium (Eq. 1.4):
2NH3(g) + H 2 S 0 4(g)------ >(NH4 ) 2 S 0 4 (1.1)
N H 3(g)+ H N 0 3(g)< >NH4NO (1.2)
N H 3(g)+ H C l(g)< >NH 4 HC1 (1.3)
(1.4)
where ATha is the Henry equilibrium constant, hr the presence of water, ammonia is 




N H 3(aq) + H 2 0<->N H 4+ + OFT. (1.5)
where Kb is the equilibrium constant. Both these processes are reversible and in this 
way, NH3 can be volatilised from NH4+ in solution either from within plants or from 
the land surface (section 1.3.1 and 1.3.3).
Ammonia is removed from the atmosphere and transferred to the earth’s surface via 
dry, wet or occult deposition processes. Dry deposition is the transfer o f gaseous NH 3 
or particulate NH4 by turbulent transport, molecular diffusion, gravitational settling 
or impaction. Wet deposition is the transfer of NH4+ to the ground via precipitation 
(rain and snow). Occult deposition is the transfer o f NH4+ present in clouds or fog 
coming into contact with Earth’s surface or surface elements; this process is more 
important at high altitudes and for aerodynamically rough surfaces such as forests.
Chemical conversion and deposition deplete the atmospheric concentration of NH 3 
with time. The mean residence time of a pollutant in the atmosphere multiplied by 
the mean wind speed gives an estimate for the transport distance of a pollutant. For 
example, a mean residence time of 1 day and a mean wind speed of 5 m s' 1 equates to 
a mean transport distance o f 430 km. Various estimates for the mean atmospheric 
residence time for NH3 have been reported. Soderlund and Svensson (1976) reported 
a range o f 1-4 days, Moller and Schieferdecker (1985) estimated 19 hours, Sutton 
(1990) estimated 10 hours while Flechard (1998) reported a mean residence time of
3.5 hours. The differences in these estimates reflect variations in the method used for 
calculation and the measurement period from which the estimates were derived. 
Particulate NH4+ has a longer atmospheric lifetime and consequently a longer 
transport distance. Soderlund and Svensson (1976) reported 15 ± 9 days while Moller 
and Schieferdecker (1985) estimated 7-19 days.
This difference in atmospheric lifetimes and the nature o f the sources o f NH 3 and 
NH4+ gives rise to different geographical distributions o f dry and wet deposition of 
NHX within the UK (Sutton et al., 2001b). Large deposition fluxes o f NH3 are 
generally found in the lowland areas close to large emission sources, whereas wet 
deposition is generally largest in the remote upland areas. This is due to NH4+
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travelling further than NH 3 and also a result of the greater amounts of precipitation in 
upland areas. In addition there is an orographic enhancement o f wet deposition in 
upland areas. Orographic cloud forms over hills and generally contains a higher 
within-cloud concentration o f pollutants as it is formed within the boundary layer. 
This orographic cloud is often washed out by precipitation from higher level clouds, 
increasing the amount of wet deposition reaching the surface (Choularton et al.,
1988; Fowler et al., 1988).
1.1.2 Em issions o f  ammonia
In contrast to other pollutants such as sulphur dioxide (SO2) and ozone (O3), 
ammonia can be emitted as well as deposited to the surface. This bi-directional land- 
atmosphere exchange of NH 3 provides an extra complexity for measurements and 
modelling o f NH3.
Although non-anthropogenic emissions o f NH 3 occur (from vegetation and from 
other sources such as wild animals and birds), the dominant source of ammonia 
within the UK and throughout Europe is agriculture. Since 1996 an official inventory 
o f NH 3 emissions for the UK has been produced each year. A summary o f the UK 
NH3 emission inventory for 2000 is given in Table 1.1 (DEFRA, 2002).
Table 1.1. UK NH3 emission inventory for 2000 (DEFRA, 2002)
Source of ammonia Ammonia emission 
(kt NH3)





Sheep etc3 18.0 6
Other agricultural sourcesb 5.7 2
Total Agricultural sources 264.9 83
Non Agricultural sources 54.9 17
Total 319.8 100
“includes sheep, deer and goats
bincludes horses on farms and biomass burning
The total estimated emissions of NH 3 for 2000 are 320 ± 50 kt (DEFRA, 2002). 
Cattle provide the largest source of NH3 with poultry second, and pig production and
3
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fertilisers following. Emissions arise from all aspects o f livestock husbandry such as 
animal housing, grazing, storage and land-spreading of animal manures. Non- 
agricultural sources comprise 17% of the UK emissions; these cover a large number 
o f diverse sources. Vehicle emissions and horses (not on farms) are the two largest 
sources of about 11.8 and 9.3 kt NH 3 , respectively (Sutton et al., 2000a). Emissions 
o f NH 3 from vehicles have increased as catalytic convertors have been introduced to 
reduce oxidised N emissions.
1.1.3 Am m onia: ecological concerns
Ammonia is o f concern in the environment because of its acidifying and eutrophying 
effect on ecosystems and its role in the formation o f aerosols. These processes are 
discussed below. Where ammonia is present at sufficient concentration levels in the 
atmosphere it can have direct adverse effects on plants, animals and humans (van der 
Eerden et al., 1994; Michaels, 1999; Portejoie et al., 2002; Krupa, 2003). Elowever, 
concentration levels are rarely high enough to cause harmful effects except inside or 
in the vicinity o f large intensive sources (e.g. poultry and pig farms). Consequently, 
it is the deposition o f NH3, and its subsequent fate in the soil or plant, that causes the 
largest proportion o f adverse effects.
Soil acidification
Once NH 3 comes into contact with soil it generally exists in the form NH 4+, 
accepting a proton from the soil solution (Eq. 1.5). NH4+ may be taken up by 
vegetation (releasing one proton) or undergo nitrification to N 0 3' (releasing two 
protons) thereby increasing the acidity o f the soil (Van Breemen et al., 1982; 1984):
N H ; + 2 0 2 - * 2 H + + N 0 3~ + H 20  (1.6)
However, the acidifying effect o f NHX deposition will vary on a site-to-site basis, 
depending on the fate o f the deposited nitrogen, e.g. depending on the effectiveness 
of nitrification or immobilisation o f NH4+ by soil organic matter.
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Eutrophication
The additional N provided to ecosystems by NHX deposition can also lead to 
eutrophication and replacement of sensitive vegetation by more nitrophyllous 
vegetation (Aerts et al., 1990; Tilman and Wedin, 1991). This has been particularly 
documented in the case o f heathlands, where significant proportions o f heathland in 
agricultural regions have been taken over by grass species (Heil and Diemont, 1983; 
van der Eerden et al., 1991; Bobbink et al., 1992). Replacement has occurred either 
by direct competitive advantage of the nitrophyllous grasses, or as a consequence of 
increased N deposition increasing the sensitivity o f the heathlands to drought, frost 
and insect stress. The species diversity o f calcareous grasslands is also considered at 
risk from N deposition, as the competitive ability o f tor-grass (Brachypodium 
pinnatum) is enhanced relative to other species (Bobbink, 1991; Pitcairn et al.,
1991). In response to these findings, long-term experiments o f enhanced N wet 
deposition onto calcareous and acidic grasslands and heathlands were initiated in 
1989 and are ongoing (Lee and Capom, 1998). This research has shown large 
differences between initial (mostly positive) effects o f additional N doses and 
adverse effects observed after four-five years of experimentation. These results 
highlight the importance o f long-term experiments when investigating ecosystem 
responses to pollutants.
There is strong evidence that N deposition may stimulate microbial soil processes, 
such as mineralisation, which in turn increase N availability (Fisk and Schmidt,
1996; Lee and Capom, 1998). Ammonia has also been implicated in aiding forest 
decline (Nihlgârd, 1985), where it has been suggested that NHX deposition may affect 
nutrient balances, drought and frost sensitivity. However, forest decline is currently 
accepted to be a result o f many factors and the full suite of pollutants being deposited 
on a forest needs to be considered (e.g. NHX, SO2 , O3 and nitrogen oxides (NOx)). 
Adverse effects o f pollutant deposition on forests can be experienced either via direct 
foliar deposition or as a result o f deposition to the soil, the relative contribution of 
these pathways to the overall adverse effect is still uncertain (Fangmeier et al., 1994; 
Krupa, 2003).
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Since ammonia is the dominant gaseous base in the atmosphere, it plays a key role in 
atmospheric chemistry processes. Ammonium aerosols formed from the reaction of 
NH3 with acids (see section 1.1.1) have a negative impact on air quality and visibility 
(Barthelmie and Pryor, 1998). Conversely, it is thought that ammonium aerosols play 
a positive role in reducing the radiation forcing potential on the global climate, either 
through direct light scattering effects or through the indirect effect of aerosols acting 
as cloud condensation nuclei (IPCC, 1996). The magnitude o f this effect is currently 
very uncertain, however.
1.1.4 A tm ospheric pollu tion  control
National and international bodies became increasingly aware o f the need to legislate 
in favour o f environmental protection when the effects o f Long Range 
Transboundary Air Pollution (LRTAP), particularly acid-rain from sulphur dioxide 
and nitrogen oxides, became apparent in the early 1970s. In recognition of the 
international nature o f this problem and the need for international measures, the UN- 
ECE (United Nations Economic Commission for Europe) established the Convention 
on Long-Range Transboundary Air Pollution (CLRTAP) in 1979. This convention 
has been responsible for various protocols acting to reduce emissions of pollutants. 
The first was the Sulphur Protocol, which proposed a reduction of sulphur emissions 
by 30% from the 1980 levels by 1990. This was signed in 1985 and came into force 
in 1987. This was followed by a protocol on Nitrogen oxides in 1988, one on 
Volatile Organic Compounds (VOCs) in 1991 and a 2nd Sulphur Protocol in 1994 
proposing a 62% reduction o f sulphur emissions compared with the 1980 levels. 
These early protocols involved a blanket reduction in emissions with no real 
consideration of targeting the emission reductions more specifically to reduce the 
effect of pollution for any particular ecosystem or area.
However, consideration of the receptors was introduced with the concept o f the 
“critical load” or “critical level”. The critical load may be defined as “a quantitative 
estimate o f an exposure to one or more pollutants below which significant harmful 
effects on specified sensitive elements o f the environment do not occur, according to
6
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our present knowledge” (Nilsson and Grennfelt, 1988). The critical load concerns the 
amount of pollutant deposition that is received by an ecosystem. The definition of a 
critical level is the pollutant concentration in the atmosphere, above which direct 
adverse effects on receptors, such as plants, ecosystems or materials may occur 
according to present knowledge (UNECE, 1988). Krupa (2003) reviews published 
values o f critical levels for NH3. Van der Eerden et al. (1994) suggest a critical level 
for NH 3 of 23 pg m' for a monthly mean concentration and 8  pg m" for an annual 
mean concentration.
Critical loads have been defined for acidification and for eutrophication with the 
former taking account o f both sulphur and nitrogen deposition. Critical loads are set 
for different ecosystems as each ecosystem will react differently to pollutant inputs. 
For example, the critical loads for nutrient nitrogen for arctic and alpine scrub, 
temperate forests and sub-atlantic semi-dry calcareous grassland are 5-15 kg N ha’ 1 
yr'1, 10-20 kg N ha ' 1 yr ' 1 and 15-25 kg N ha ' 1 yr"1, respectively (Achermann and 
Bobbink, 2003; Bobbink et al., 2003).
The amount o f deposition that an ecosystem receives over and above the critical load 
is known as “critical load exceedance”, and pollution control measures have been 
introduced to target reduction in deposition in these exceeded areas. The concept of 
“Gap-closure”, i.e. reducing the critical load exceedance but not necessarily 
achieving complete non-exceedance (Hettelingh et al., 2001; Posch et al., 2001) is 
central to current approaches in atmospheric pollution control. Recent air pollution 
control initiatives o f the UNECE such as the “Protocol to Abate Acidification, 
Eutrophication and Ground-level ozone”, known as the Gothenburg Protocol (signed 
in 1999), employ this approach. The Gothenburg Protocol is the first protocol to 
include NH 3 and sets annual emission limits for each country for ammonia, sulphur 
dioxide, nitrogen oxides and non-methane VOCs, which are to be met by 2010. The 
annual limit for NH3 emissions for the UK, by 2010, is 297 kt yr"1.
In addition to the Gothenburg Protocol, the EC National Emission Ceilings Directive 
(NECD) was signed in 1999. This directive sets the same limit on NH3 emissions as 
the Gothenburg Protocol. The EC Directive on Integrated Pollution Prevention and
7
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Control (IPCC), signed in 1996, requires large pig and poultry units (> 750 sows,
> 40,000 birds) to introduce measures by 2007 to reduce emissions o f ammonia 
along with other pollutants.
As a result o f the dependence o f air pollution control measures on the assessment of 
critical load exceedance, it is vital to have good estimates of the deposition of 
acidifying and eutrophying pollutants. Wet deposition is easily measured by 
collecting rainfall and analysing the concentration of the pollutant of interest in the 
rainfall. There is currently a UK network of 39 sites measuring the concentration of 
various ions in rain, which is combined with the UK Meteorological Office rainfall 
data to produce maps o f wet deposition across the UK (NEGTAP, 2001).
Dry deposition, however, is more difficult to measure as it requires more expensive 
instrumentation and greater operator time and expertise. Consequently, it is not 
possible to have sufficient measurements o f dry deposition throughout the UK and so 
models have been developed to estimate dry deposition. Smith et al. (2000) describe 
such a model for estimating dry deposition of NHX. This model is based on a 
resistance approach (see section 2.4) and combines concentrations o f NH3 with 
meteorological data and parameterisation of the surface exchange o f NH3 over 
different land types on a 5 x 5 km grid.
A UK National Ammonia Monitoring Network was initiated in 1996 and now 
operates over 90 sites measuring NH3 concentrations (Sutton et al., 2001b).
However, due to the large spatial variability in emissions and concentrations of NH3 , 
a multi-layer atmospheric transport model, FRAME (Fine Resolution Ammonia 
Exchange Model) (Singles et al., 1998; Fournier et al., 2002), is used to provide a 
concentration field o f NH 3 across the UK for input into the deposition model. This 
modelled concentration field uses the spatial NH 3 emission inventory (Dragosits et 
al., 1998) as an input and is calibrated against the concentrations from the monitoring 
network (Smith et al., 2000; NEGTAP, 2001).
The accuracy of the dry deposition model estimates relies on the accuracy of the NH3 
emission inventory, concentration estimates, meteorological inputs and also on the 
parameterisation of the dry deposition process. Parameterisations are developed from
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detailed micrometeorological measurements of NH3 exchange over different land 
surfaces. The need for detailed measurements to underpin the modelling approach is 
one o f the main motivations for measurements of NH3 exchange.
1.1.5 UK N itrogen budgets and trends
In addition to quantifying deposition to particular areas and calculating critical load 
exceedance, there is also interest on a national and international level in the total 
budget of a pollutant, i.e. the total amount emitted, deposited, exported or imported 
from a country. In the case o f nitrogen it is also of interest to compare the budgets of 
reduced N (NHX) and oxidized N (NO, NO2, HNO3, NO3", collectively known as 
NOy), as both contribute to acidification and eutrophication. UK budgets for reduced 
and oxidized N for 1996-1997 are shown in Fig. 1.1 (NEGTAP, 2001). This shows 
that although the emissions o f oxidized N are greater than those o f reduced N, the 
amount of oxidized N deposited within the UK is less due to a greater proportion 
being exported out o f the country. This indicates the importance o f reduced N 
deposition within the UK.
1996-1997 kt N
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Figure 1.1. UK budgets for oxidized and reduced nitrogen (1996-1997) as kt N (from NEGTAP, 
2001).
Sulphur dioxide emissions in the UK have decreased dramatically (82% reduction 
between 1970 and 1999) due to abatement measures and other activities such as fuel 
switching (Goodwin et al., 2000). In the same period NOx emissions have only 
decreased by 30% (Goodwin et al., 2000). It is difficult to give an estimate o f the
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trend in NH 3 emissions, partly because inventories have only been compiled for 
recent years but also because the NH3 emission inventory is the most uncertain due 
to the diverse nature o f sources. However, NEGTAP (2001) gives a value for UK 
emissions o f NH3 from 1990 to 1999 and this shows a slight (« 5%) decrease. As a 
result of these trends the relative contribution of reduced and oxidized N to potential 
acidification is increasing. In 1986, nitrogen contributed 46% of the potential 
acidification whereas in 1997 it contributed 65% (NEGTAP, 2001).
1.2 Measurement of ammonia
1.2.1 M easurem ent techniques
The development o f automated techniques for measuring ammonia concentration has 
been slower than for some of the other trace gases. This is largely due to two main 
difficulties: i) the co-existence o f the three phases o f ammonia/ammonium and the 
highly variable partitioning between these phases; ii) the high solubility of NH 3 in 
water, leading to problems o f adsorption of NH 3 onto surfaces such as sample inlets 
etc. Fehsenfeld (1995) concluded in a review of NH 3 measurement techniques,
“much of the uncertainty associated with atmospheric NH3 is due to the scarcity of 
reliable measurements, this in turn is due to a lack o f sensitive measurement 
techniques which are easy to use in the field and can operate automatically and 
continuously to establish large databases for statistical analyses.”
The following section briefly describes some o f the measurement techniques that are 
available for measuring NHX concentration. Differences exist in the time resolution of 
the various measurement techniques, ranging from the week to monthly scale of 
passive techniques to the > 1 hour resolution o f active sampling batch methods to the 
10 Hz sampling possible by some o f the more recent techniques. Most o f the early 
measurement techniques operate on the principle o f capturing NH 3 with an acidic 
medium. There then remains the issue o f separating the gaseous and aerosol forms of 
ammonia. Various methods have been developed to separate these two phases; most 
methods utilise one of two main principles: differential fdtering or differential 




Passive samplers operate by passive diffusion of NH 3 (rather than active air sampling 
using a pump) to an acidic capturing surface. Absorption o f NH4+ is negligible due to 
its low rate o f diffusion. Two examples o f passive samplers are diffusion tubes 
(Hargreaves and Atkins, 1987) and APLHA samplers (Tang et al., 2001). The 
advantage o f these samplers is their low cost and simplicity and the fact that they 
operate without electricity. The length o f the sampling period depends on the 
particular design o f the sampler and on the ambient NH 3 concentration. For typical 
ambient concentrations a sampling period of greater than one week is necessary 
while for high concentrations, sampling periods o f less than a day may be possible. 
However, high-temporal resolution sampling is not possible with passive methods.
Active sampling batch methods
There are two main types o f active batch sampling methods: fdter packs and 
denuders. Filter packs consists o f a collection o f filters in series to separate NH3 and
NH4+, as well as potentially other species (Allen et al., 1988; Harrison and Kitto, 
1990). The principle o f the method is to capture NH4+ aerosol on an inert pre-filter, 
while allowing NH 3 to pass through undisturbed to be captured on a subsequent acid- 
impregnated filter. Sampling rates are typically 1-24 hr and the filters are extracted 
and analysed in a laboratory.
Denuder samplers, in contrast, utilise the difference in diffusion rates o f particulate 
and gaseous NH 3 to the sides o f a tube or annulus in which the conditions for laminar 
flow are satisfied. As a small molecule, gaseous ammonia has a rapid diffusion rate 
and consequently passes to the sides o f the denuder that has been coated with a 
suitable chemical adsorbant, usually an acid but sometimes a metal oxide adsorbent. 
Aerosols containing NH4+, however, being much larger have a slower diffusion rate 
and pass undisturbed through the denuder. There are various implementations of this 
method. These range from simple batch denuders, typically a hollow glass tube 0.5 m 
long and internal diameter 3 mm, pre-coated with acid (e.g. Ferm, 1979), to annular 
denuders, consisting o f two concentric tubes, typically 0.25 m long, sampling
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through a 2-3 mm annulus (e.g. Allegrini et al., 1987; Keuken et al., 1988). Annular 
denuders have the advantage of higher air sampling rates (typically 10-30 / m in_1) 
compared with simple denuders (typically 3 I m in '1), hence allowing shorter 
sampling times or improved detection limits. Similarly to the filter packs, these are 
generally extracted and analysed in the laboratory.
An earlier method o f measuring NH3 was the bubbler technique (passing the air 
sample through an acidic solution), however this method does not separate the NH3(g) 
and NH 4+(aerosoi) phases and so is more limited in its application.
Automated continuous sampling
A considerable advancement in atmospheric NH3 measurement was made in the 
early 1990s with the development o f a continuous-flow denuder known as 
AMANDA (Ammonia Measurement by ANnular Denuder sampling with online 
Analysis) (Wyers et al., 1993b). Full details o f this method are given in Section
3.3.1. In brief, the method consists of a rotating annular denuder in which an acidic 
absorption solution is continuously transported to and from the denuder and analysed 
for NH 3 concentration online. The instrument is capable o f measuring concentrations 
with a one-minute time resolution and a measurement range o f 0.02 jig m' -  300 |ug 
m '3. This was the first automated instrument for NH3 concentration measurement that 
had such high temporal resolution plus a low detection limit and wide concentration 
range.
Other automated techniques, which have been developed to measure NH3, are listed 
in Table 1.2. Full details o f these techniques are given in the literature and will not be 
presented here. Techniques such as NOx monitors with NH 3 converters are in 
principle easy to use, automated, low-maintenance techniques but unfortunately their 
detection limit is approximately 2 pg m '3. As ambient NH3 air concentrations away 
from sources are often < 2  pg m ' 3 such a technique does not have widespread 
application for dry deposition measurement.
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Table 1.2. Automated measurement techniques for gaseous ammonia.
Measurement technique
Continuous-flow denuder: AMANDA 
(Ammonia Measurement by ANnular Denuder 
sampling with online Analysis
Chemiluminescence NOx monitor with NH3 
converter
Thermo-denuder
Differential optical absorption spectroscopy 
(DOAS)
Photoacoustic monitor
Tunable diode laser absorption spectroscopy 
(TDLAS)
Fourier transform infra-red spectrometry (FTIR)
Photofragmentation laser-induced fluorescence
Tandem mass spectrometer (TMS)
Chemical ionization mass spectrometry (CIMS)
References 
Wyers et al., 1993b
Breitenbach and Shelef (1973) 
van Hove et al. (1987)
Keuken et al. (1989); Langford et al. (1989)
Gall etal. (1991)
Rooth et al. (1990); Pushkarsky et al. (2002) 
Dias (1998); Warland et al. (2001)
Tuazon et al. (1978)
Griffith and Galle (2000)
Schendel et al. (1990)
Shaw et al. (1998)
Fehsenfeld et al. (2002); Nowak et al. (2002)
1.2.2 Intercom parisons o fN H 3 m easurem ent techniques
Various inter-comparisons of gaseous ammonia measurement techniques have been 
carried out both under field conditions and in controlled environments (Gras, 1984; 
Anlauf et al., 1985; Appel et at., 1988; Ferm et al., 1988; Dasch et al., 1989; 
Harrison and Kitto, 1990; Wiebe etal., 1990; Pio, 1992; Williams etal., 1992; 
Mennen et al., 1996; Parrish and Fehsenfeld, 2000; Fehsenfeld et al., 2002). A large 
number o f these studies compared the filter pack and denuder techniques. In 
particular the studies investigated the potential problems with filter pack sampling, 
which are: i) adsorption o f NH3 onto any part of the intake system before being 
captured on the filter (e.g. on the inlet, manifold or prefilter) and ii) volatilisation of 
NH3 from particulate ammonium compounds on the pre-filter. These problems can 
be exacerbated by long sampling periods, high ambient temperatures or heating of 
filters above ambient temperature and small diameter filter packs (requiring higher 
filter loadings). Harrison and Kitto (1990) compared filter pack and denuder 
techniques and discussed the fact that denuder sampling methods are also potentially 
subject to systematic errors. For example, particle deposition in the denuder can
13
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occur through turbulent or gravitational transfer if  the denuder is not vertical. 
However, the main advantages of denuders are that they are not subject to phase 
interaction problems (since particle residence times in the denuder are very small). 
Both filter packs and denuder methods are subject to errors in the measurement 
accuracy mainly due to variability of blanks. Additionally, inefficient absorption of 
NH3 or incomplete extraction of NH3 collected as NH4+, after sampling can occur.
The inter-comparison studies detailed above, typically observed differences o f ± 20% 
between sampling methods (Wiebe et al., 1990). Williams et al. (1992) and Harrison 
and Kitto (1990) concluded that although there are potential problems with the 
various techniques available, in general the differences observed between the 
techniques are often due to the specific implementation (site, operator and apparatus) 
of the techniques rather than to the techniques themselves. Pio (1992), reporting on a 
major intercomparison o f ammonia measurement techniques in Rome, found that for 
short sampling periods (4 hourly), denuder and filter pack techniques gave on 
average, the same results for NH 3 and NH4+ measurement. Problems o f apparent 
filter pack overestimation of NH 3 and underestimation of NH4+, due to an expected 
volatilisation o f NH4+ collected on the filter pack pre-filters, only occurred upon 
extension o f the sampling period to collection over 24 hours.
More recent inter-comparisons have compared automated techniques. For example, 
Mennen et al. (1996) compared six automatic ammonia analysers, in the field and in 
an environmental test chamber, for their suitability for the Netherlands National Air 
Quality Monitoring Network. They concluded that the continuous flow denuder 
(AMANDA) was the most suitable choice of instrument for their network due to its 
low detection limit, high precision, good linear range, high accuracy and fast 
response time. Although there were some disadvantages to this technique when 
considering it for a network, such as the need for frequent attention in refilling 
solutions and checking liquid flows, they suggested technical improvements, which 
would help solve these issues.
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1.2.3 Land-atm osphere exchange m easurem ents o fN H 3
As discussed in Section 1.1, it is necessary to obtain an estimate of the deposition or 
net exchange o f NH 3 to an ecosystem in order to assess the potential for ecological 
effects o f NH3. Methods to measure the exchange of a gas between the atmosphere 
and the land are described in section 2.2. Various measurements o f the land- 
atmosphere exchange of NH3 over a wide range of different ecosystems have been 
conducted during recent years and a review o f some of these studies was presented 
by Sutton et al. (1993d). The vast majority o f the early micrometeorological 
measurements o f NH3 exchange were initiated to quantify NH3 losses from 
agricultural activities such as land spreading of animal manures, grazing or fertiliser 
application (Jarvis et al., 1989; Pain et al., 1989; Hatch et al., 1990; Thompson et al., 
1990a; 1990b; Jarvis et al., 1991; Whitehead and Raistrick, 1993). It was less 
common to study ecosystems in a wider sense, not just focusing on the agricultural 
perspective. Denmead et al. (1974) reported the NH3 exchange over a grazed alfalfa 
pasture and this was one o f the first studies to characterise the patterns of exchange 
of an ecosystem.
Initial measurements of land-atmosphere exchange o f NH3 (Sutton et al., 1993b; 
1993c; Duyzer, 1994; Duyzer et al., 1994) indicated that NH 3 was almost exclusively 
deposited to semi-natural vegetation such as moorland and forest, whereas it was 
both emitted from and deposited to agricultural vegetation. However, more recent 
long-term data (Flechard and Fowler, 1998) demonstrated that emission also occured 
from moorland, albeit only for 7% of the time. Wyers and Erisman (1998) and Pryor 
et al. (2001) conducted measurements o f NH3 exchange over coniferous and 
deciduous forest respectively, and observed emission fluxes for part o f the period.
Table 1.3 gives details o f some o f the micrometeorological measurements o f land- 
atmosphere NH 3 exchange conducted in the last 10 years (for previous studies see 
(Sutton et al., 1993d). It is noticeable that long-term data sets have become more 
widely available after the development o f the continuous denuder technique 
(AMANDA). These measurements show that most ecosystems experience bi­
directional exchange of ammonia and that ecosystems can be a substantial net sink or 
source o f ammonia. For example, deposition rates of -24 g NH3 -N ha"1 d" 1 have been
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reported over semi-natural grassland (Sutton et al., 1993b), while emission rates of 
80 g NH3 -N ha ' 1 d ' 1 have been measured over oilseed rape after it was cut (Sutton et 
a l,  2 0 0 0 b).
Some studies give an estimate of the annual net exchange. However, as many of the 
measurements are made over a period o f only a few weeks or months, extrapolating 
these daily average fluxes to an annual value is very uncertain. In addition, most 
measurements are made during the growing season, which is not likely to be 
representative o f the autumn and winter periods. This highlights the importance and 
benefit o f measuring over a full year.
Most of the measurements listed in Table 1.3 were conducted with the aerodynamic 
gradient method (see section 2.2). Eddy covariance (EC) measurements of NH3 flux 
have been conducted by Shaw et al. (1998) using tandem mass spectrometry and by 
Famulari et al. (2004) using tunable diode laser absorption spectrometry. However, 
the instruments capable o f measuring NH 3 concentration at sufficiently high 
frequency for eddy covariance measurements are costly, technically complex and 
require significant operator time. The problems of adsorption o f NH 3 onto surfaces 
such as inlet lines also occur with these techniques. For these reasons, eddy 
covariance measurements o f NH 3 are still very much under development and are not 
yet capable o f operating automatically and continuously in the field to obtain long­
term measurements o f NH 3 exchange. The relaxed eddy accumulation method does 
not require a fast response analyser (section 2.2.3) and measurements o f NH 3 
exchange have been made with this technique (Neftel et al., 1999; Zhu et al., 2000; 
Nemitz et al., 2001a; Hensen et al., 2004). However, similarly to eddy covariance, 
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1.2.4 Land-atm osphere exchange o f  N H 3 with grassland
Managed grasslands constitute 27% of the land cover of Great Britain (Fuller et al., 
1994) and provide the single largest land cover category in GB. Grasslands vary 
widely in their species composition and management regime from semi-natural 
unfertilised grassland to high N input intensively managed grassland. These 
ecosystems display quite different NH 3 exchange characteristics; semi-natural 
grassland primarily experiences NH3 deposition and may be adversely affected by 
that deposition, experiencing species change and/or change in biomass productivity. 
Intensive grassland experiences both deposition and emission of NH3, and as such 
may impact on the atmosphere, for example by increasing emissions or affecting 
long range transport o f pollutants (Sutton et al., 2001a). However, grasslands are 
currently treated as one vegetation type in UK deposition models (Smith et al.,
2000). It is important to improve the parameterisations o f NH3 exchange over 
different grassland types to increase the accuracy of the UK and European dry 
deposition budget and assess the effects o f NH 3 deposition.
In addition to the interest in contrasting ecosystem types, large rates o f NH3 emission 
have been observed, following cutting o f intensively managed grassland, from the 
sward itself (Sutton et al., 1997a). It is known that emission of NH 3 occurs from 
senescing and decomposing vegetation (Whitehead and Lockyer, 1989; Mannheim et 
al., 1997), but there has been little research investigating NH3 emissions from a cut 
sward. Emission o f volatile organic compounds (VOC’s) has been detected from cut 
grassland and attributed to a “wounding” of the vegetation (Gouw et al., 1999).
Other work has investigated the effect o f cutting regimes on the health, yield and 
species diversity o f a sward (Smith et al., 1996a; 1996b; Blum et al., 1997; Evans et 
al., 1998), but not the effect on NH 3 exchange.
There are several previous micrometeorological flux measurements over grassland 
(e.g. Denmead et al., 1974; 1976; Sutton et al., 1993b; 1993c; Griinhage et al., 1994; 
Bussink et al., 1996; Hesterberg et al., 1996; Sutton et al., 1997a; Plantaz, 1998; 
Herrmann et al., 2001; Mosquera et al., 2001; Spindler et al., 2001). However, only 
four of these studies reported long-term measurements (> 6  months). Most o f these
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studies showed NH3 exchange over grassland to be bi-directional, with both emission 
and deposition fluxes of NH3 observed (Table 1.3). The measurements of the net 
exchange o f grassland reported over an annual or seasonal basis range from semi­
natural grassland in Switzerland being a net sink of 13 kg N ha ' 1 yr' 1 (Hesterberg et 
al., 1996) to intensively-managed grassland in The Netherlands being a net source of 
between 10-16 kg N ha 1 yr' 1 (Mosquera et al., 2001). However, 57% of the emission 
in the latter study was estimated to be due to manure spreading (256 kg N ha ' 1 of 
slurry and 97 kg N ha ' 1 of mineral fertiliser were spread in 1999). Therefore the 
plant-mediated emissions from the grassland would equate to 6.9 kg N ha"1 yr'1. This 
highlights one o f the difficulties in parameterizing NH3 exchange over different 
grassland types. It is necessary to separate out the contribution to the NH 3 exchange 
from the plants themselves and from the fertiliser applied. Plantaz (1998) reported a 
grazed pasture in The Netherlands to be a net source of NH3, equivalent to 6.2 kg N 
ha ' 1 yr'1, while an un-grazed pasture was a sink o f-3 .8  kg N ha ' 1 yr'1.
In another study, Herrmann et al. (2001) measured the NH3 exchange from two 
intensively managed grass/clover fields in Switzerland over a single growing season. 
Mineral fertiliser (NH4NO 3) was applied at rates of 80 and 160 kg N ha ' 1 yr'1, 
respectively. Both fields were a net sink for ammonia over the measurement period, 
with the net exchange over the 4 month measuring period being deposition of -1.23 
kg N ha ' 1 and -0.87 kg N ha'1, respectively. Although Herrmann et al. (2001) 
classified these fields as Tow’ and ‘high’ N, it is worth noting that 160 kg N ha ' 1 yr' 1 
is still a relatively low application of N, compared with 350-400 kg N ha 1 yr 1 
typically applied on intensive grassland fields in The Netherlands.
1.3 Pathways of NH3 exchange
To construct reliable models of dry deposition, it is necessary to develop an 
understanding of the pathways involved in the exchange process and also o f the 
parameters controlling these pathways. Parameterisations of these processes can then 
be developed and incorporated into a model (see section 2.4). The pathways involved 
in land-atmosphere exchange of ammonia are: i) stomatal exchange; ii) leaf surface 
exchange and iii) ground surface exchange. These processes can occur in parallel and
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each process is influenced by a range o f factors, varying from the plant specific (e.g. 
plant species, phenology) to wider ecosystem influences (e.g. soil pH, availability 
and form of N) to environmental and meteorological influences (e.g. temperature, 
solar radiation, humidity, wetness, atmospheric turbulence).
1.3.1 Stom atal exchange
Gaseous NH 3 is present in substomatal cavities in thermodynamic equilibrium with 
the apoplastic (intercellular leaf tissue) NH4+ concentration ([NH4+]). This sub­
stomatal NH3 concentration is known as the stomatal compensation point (%s) (Sutton 
et al., 1995b) and was originally identified by Farquhar et al. (1980). If the ambient 
atmospheric NH3 concentration is greater than the compensation point, absorption of 
NH3 into the leaf by the stomata will occur, whereas emission from the leaf will 
occur if the reverse is true. The compensation point is therefore a key parameter 
involved in NH 3 exchange. The switch from absorption of NH 3 to emission of NH3 
by various plant species has been demonstrated by measuring the NH3 flux in 
response to changing NH 3 concentration in controlled environment chambers 
(Farquhar et al., 1980; Husted and Schjoerring, 1995b; Schjoerring et al., 1998; Hill, 
1999; Schjoerring et al., 2000; Hill et al., 2001).
A relationship between the stomatal compensation point and the apoplastic [NH4+] 
and pH can be derived from the temperature response of the Henry equilibrium (Eq. 
1.4) and the ammonium-ammonia dissociation equilibrium (Eq. 1.5) as described by 
Nemitz et al. (2000b):
_ 1 « 5 0 0  -10380 K U
(T, +273.15) 7:+273.15*
where Ts is the temperature o f the canopy in °C and all concentrations are in mol f 1. 
The ammonium/hydronium ratio in the apoplast ([NH4+]apo/[H +]apo) has been termed 
the stomatal emission potential (rs) and has the advantage o f being temperature 
independent, whereas Xs is a strong function o f temperature (doubling with every 5°C 
increase in temperature). Clearly, the factors which control stomatal opening (solar 
radiation, water stress) also control this pathway o f N H 3 exchange.
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Various studies have been conducted to explore influences on the compensation 
point. Husted and Schjoerring (1995a) developed a vacuum infiltration technique to 
determine apoplastic [NH4+] and [H+] directly. The value o f xs can be calculated 
from [NH4+]apo and [H+] ap0 as indicated in Eq. 1.7. This bioassay estimate can be 
compared with estimates from controlled environment studies and 
micrometeorological measurements.
Schjoerring et al. (1998) used the infiltration technique and controlled environment 
chambers to investigate the physiological parameters controlling plant-atmosphere 
exchange of ammonia. They found that the form of nitrogen uptake by roots (NH4+ 
or N 0 3') affects the NH 3 exchange; plants grown in NH4+ nutrient solution produced 
much higher NH3 emissions than those grown in N 0 3’ solutions. They also observed 
a strong effect o f plant developmental stage on xs in barley plants, with xs decreasing 
to a minimum around anthesis and then increasing again. Husted et al. (2000) 
investigated the diurnal cycle in apoplastic [NH4+] and [H+] in oilseed rape {Brassica 
napus) and found only a small variation in concentrations. They concluded that the 
diurnal variations in NH 3 exchange observed in the field are most likely caused by 
changes in the canopy temperature and stomatal conductance rather than variations in 
Xs-
The question o f diurnal, seasonal and annual changes in Xs is o f great interest to the 
modelling community. Currently, a single value for the stomatal emission potential 
(rs) is used for grassland and arable land throughout the year in the UK deposition 
model (Smith et al., 2000). Although research has shown that Ts does change with 
plant developmental stage and N supply, until recently, there have not been sufficient 
measurements from which to derive seasonal parameterisations.
As well as temporal variation within species, there is also strong variation o f xs 
between species (Fig. 1.2) (Mattsson et al., 2004). Generally, fertilised croplands or 
grasslands tend to have higher compensation points than semi-natural unfertilised 
vegetation (Sutton et al., 1996) which explains the observed increased periods of 
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Figure 1.2. Foliar NH4+ concentration and r s (apoplastic NH4+/H+) for different plant species (from 
Mattsson et al., 2004).
1.3.2 L e a f  surface exchange
In addition to being absorbed into stomata, NH3 can also be deposited directly onto 
the leaf surface or cuticle. This occurs readily when the surface is visibly wet. 
However, Burkhardt and Eiden (1994) have demonstrated that there are microscopic 
water ‘films’ associated with hygroscopic salts on leaf surfaces which allow 
deposition even when the surface appears dry.
Once NH 3 has been deposited to a leaf surface, it may be washed off by subsequent 
precipitation, adsorbed into the stomata or it can desorb from the surface and be 
recycled back into the atmosphere. Periods o f desorption of previously deposited 
NH 3 from evaporating leaf water films have been observed, particularly in the early 
morning (Sutton et al., 1998; Flechard et al., 1999). Sutton et al. (1994) discuss the 
effect of the chemistry o f the leaf surface on cuticular exchange. Initially it was 
thought that the presence of SO2 would enhance uptake ofN H 3 (co-deposition). 
However, reaction o f NH 3 and SO2 to form aerosol may actually deplete ambient 
NH 3 concentrations below the compensation point, leading to emission of NH3 rather 
than deposition.
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1.3.3 G round surface exchange
Ammonia can be deposited directly to the ground surface and it can also be emitted 
or volatilised directly from the surface. Volatilisation is governed by the Henry 
equilibrium and the ammonium-ammonia dissociation equilibrium in a similar way 
to exchange within the stomata and an analogous equation to Eq. 1.7 can be used to 
determine the gaseous ammonia concentration in equilibrium with a ground surface 
ammonium concentration [NH4+]g and ground surface pH:
161500 . -10380 J nh+]
X o  =    eXP(--------------------------------------) t — n (1-8)
8 (7g +273.15) T g +273.15 [H+]g
where Ts is the temperature o f the ground emission source in °C and all 
concentrations are in mol /“'. Consequently, the rate and amount of volatilisation 
depends on the amount o f ammonium present, the temperature and the pH o f the 
surface. Other parameters affecting volatilisation are soil properties such as the 
cation exchange capacity, the buffering capacity o f the soil, soil texture and moisture 
and meteorological or environmental factors such as windspeed, precipitation and the 
ambient atmospheric ammonia concentration (Freney et a l., 1981; Sharpe and 
Harper, 1995).
Each of the pathways of exchange described above will be affected by the degree of 
turbulence o f the atmosphere, the roughness of the surface and the structure of the 
vegetation. Even if  the ground surface layer is a source of NH3 , the emitted NH3 may 
be recaptured by the canopy above it, and the consequent NH3 exchange with the 
atmosphere may be net deposition. Issues of canopy cycling o f NH3 are discussed by 
Denmead (1976), Sutton et al. (1995a) and Nemitz et al. (2000a).
1.4 N cycling in ecosystems
Nitrogen is an essential nutrient for living organisms, enabling them to produce 
complex organic molecules such as proteins, amino acids and nucleic acids. Like 
other nutrients, it is cycled through the biosphere and atmosphere. Ammonia forms 
only one component o f this nitrogen cycle; to fully understand and be able to model 
NH3 ecosystem exchange, NH 3 should not be studied in isolation to the rest o f the N
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cycle. In addition, it is particularly important in the present climate o f pollution 
control measures to look at the nitrogen cycle as a whole, as abatement of one 
pollutant (such as NH3) may lead to greater release of another pollutant into the 
environment (e.g. N 2O emission or nitrate leaching) (Jarvis, 1996; Erisman and 
Monteny, 1998; Velthof et al., 1998; Brink et al., 2001; Webb et al., 2001).
Many different diagrams and representations of the nitrogen cycle have been 
published. These differ depending on the particular focus and scope o f a study, 
although the essential processes are the same (e.g. Clark, 1981). The N cycle 
presented in Fig. 1.3 is for a managed grassland ecosystem. A full global nitrogen 
cycle (Jenkinson, 1990; Galloway, 1998) includes additional components such as: 
emissions o f NOx; chemical reactions in the atmosphere; N2 fixation by the chemical 
industry (i.e. the production o f fertiliser) and the various inputs and outputs from 
aquatic ecosystems. The grassland N cycle consists of i) inputs to the soil-plant 
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1.4.1 Inputs to the soil-plant system.
The main N inputs to the soil-plant system are via fertiliser application, biological N2 
fixation, dry and wet deposition o f N, decomposition of organic matter and inputs 
from animals, either directly from excreta deposited while grazing or indirectly from 
land spreading of animal manures.
The application o f fertilisers provides an input o f N directly as organic compounds 
such as urea (CO(NH2)2) or as inorganic compounds such as ammonium nitrate 
(NH4NO3). Urea is readily hydrolysed into ammonium by the action o f the enzyme 
urease:
CO(NH 2 ) 2 + 2H 2 0 - > C 0 32' + 2 N H ;. (1.9)
Biological N2 fixation is a significant source of N to terrestrial ecosystems, currently 
estimated at 90-130 Mt N yr' 1 on a global basis (Galloway et al., 1995), the amount 
fixed varies widely depending on the ecosystem type. Carlsson and Huss-Danell 
(2003) reviewed a large number o f field studies o f N fixation and report maximum 
rates o f N fixation o f 350, 373 and 545 kg N ha ' 1 yr"1 for alfalfa (Medicago sativa 
L.), red clover {Trifolium pratense L.) and white clover {Trifolium repens L.), 
respectively. Newbould (1982) reports rates o f biological fixation o f 5-30 kg N ha ' 1 
yr' 1 for upland pastures in the UK. Fertilisation acts to inhibit biological fixation and 
therefore in general, biological fixation is a more important input o f N in unfertilised 
ecosystems. Biological fixation is carried out by several species o f bacteria, the 
dominant form of biological fixation in agricultural soils is via bacteria of the genus 
Rhizobium, which fix N 2 in the root nodules of legumes in a symbiotic process. 
Fixation o f N can also occur via lightning (Hill et al., 1980), however, this is not a 
significant pathway in the UK. Dry and wet deposition o f N are discussed in section
1.1.1 and are typically in the range 3-50 kg N ha ' 1 yr' 1 depending on location and 
ecosystem type (NEGTAP, 2001).
Inputs o f N to the soil-plant system from animals arise predominantly from the urea 
present in urine and from dung. The urea is rapidly hydrolysed by urease (Eq. 1.9) 
releasing N H /. The retention of dietary nitrogen is typically only about 23% for
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dairy cattle, 10% for beef cattle and 5% for sheep (Whitehead, 1990), so a large 
quantity o f N is excreted. The nitrogen in dung is generally present in resistant 
organic fractions and so provides less available NH4+, but the organic matter is 
slowly mineralised within the soil (see 1.4.2). As well as providing inputs o f N to the 
soil-plant system, a proportion o f the N present in the urine and dung will be lost to 
the atmosphere via volatilisation ofN H 3 (see section 1.4.3).
1.4.2 Transform ations within the soil-plant system
The principal processes that occur within the soil system concerning nitrogen cycling 
are mineralisation, immobilisation, nitrification and assimilation into plants and 
micoorganisms. Mineralisation is the conversion o f organic nitrogen into mineral 
nitrogen and immobilisation is the opposite process. The amount o f mineral nitrogen 
present in the soil depends on the relative rates o f these two processes.
Nitrification is the microbial oxidation o f ammonium to nitrite (NCV) and nitrate 
(N<V). It is carried out by chemoautotrophic and chemoheterotrophic bacteria. The 
conversion o f NH4+ to NCV is commonly carried out by Nitrosomonas europaea 
(Eqs. 1 . 1 0  and 1 .1 1 ) whereas Nitrobacter winogradskyi oxidises NCV to NCV (Eq. 
1.12) (Killham, 1994):
N H ; + 0 2 + H + +2e -  -> N H 2 0 H  + H 20  (1.10)
N H 2 0H  + H 2 0 - > N 0 ; + 5 H + + 4 e _ (1.11)
NO^ + H 2 0 - > H 2 0 - N ( V  -> N O ' + 2 H + + 2e” (1.12)
Assimilation of N into plants and microorganisms occurs via the uptake of soluble, 
low molecular weight N compounds, predominantly ammonium and nitrate. The type 
o f N nutrition (NH4+ or NCV) of a plant depends on the availability o f the ion, the 
preference of the species and other factors such as the pH of the soil (Vessey et al., 
1990), rooting zone depth and rooting zone temperature (Macduff and Jackson, 1991; 
Krupa, 2003). Most agricultural crops and fast growing annual species prefer NCV, 
whilst conifers and other slow growing perennial species prefer NH4+ (Malagoli et 
al., 2000; Krupa, 2003).
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Although plant uptake occurs via inorganic forms of N, most of the N in the soil is 
present in organic form (Killham, 1994). For example the organic N pool for an 
upland UK pasture soil is estimated to be 6  -  25 t N ha ' 1 (Batey, 1982) whereas the 
NH4+ pool is estimated at 0 to 50 kg N ha '1, 2 - 3  orders of magnitude less than the 
organic pool. Organic matter content is a slow changing property o f a soil; in a sown 
grassland the total organic matter will progressively increase over a number of years.
1.4.3 Outputs fro m  the soil-plant system
Nitrogen is lost from the soil-plant system via leaching, plant mediated losses of 
NH 3 , volatilisation o f NH 3 or other gaseous losses via denitrification. Leaching is the 
loss o f material via water draining down through the soil profile. Nitrate is very 
susceptible to leaching due to its high solubility and its negative charge, which 
means that it is not bound to the mostly negative soil colloids. Leached nitrate can 
constitute a major economic loss o f N to farmers, as well as being a health hazard if 
present in high concentrations in drinking water. Loss of NH3 from the soil-plant 
system can also occur via emission from stomata o f plants as discussed in section
1.3.1.
Volatilisation of NH 3 is the gaseous loss of NH 3 from the soil-plant surface as 
described in section 1.3.3. Volatilisation o f NH 3 from fertilisers, manure spreading or 
grazing can also represent a significant loss o f N. Volatilisation of NH3 from urea 
fertiliser is greater than from ammonium nitrate fertiliser. Van der Weerden and 
Jarvis (1997) suggest emission factors forNFb o f 23 % and 1.6% of the N applied 
for urea and ammonium nitrate fertiliser, respectively. Volatilisation o f NH3 from 
slurry or manure varies widely depending on the dry matter content of the slurry, the 
soil and environmental conditions. UK NH 3 emission factors for high dry matter 
content slurry (> 8 %) and farm yard manure (FYM) are 59% and 76% of the total 
ammoniacal nitrogen (TAN) applied, respectively (Misselbrook et al., 2000). 
Emissions can be greatly reduced by injecting the fertiliser or slurry below the 
surface; Misselbrook et al. (2000) estimate NH 3 emission reductions o f 80% for 
shallow injection o f slurry.
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Losses o f <5 to 6 6 % of urinary N have been reported (Ball and Ryden, 1984; 
Lockyer and Whitehead, 1990; Petersen et al., 1998). Ryden et al. (1987) and Jarvis 
et al. (1989) suggest emission factors for NH 3 loss from urine of 18% and 11%, 
respectively. Losses o f N H 3 from dung are much less than from urine (< 1%) (Ryden 
et al. (1987).
Denitrification involves the reduction of nitrate into gaseous products o f nitrogen: 
dinitrogen (N2), nitrous oxide (N2 O) and some nitric oxide (NO).
N 0 3 -> N 0 2 -> NO -> N 20  N 2 (1.13)
Generally the dominant end product o f denitrification is N2 , but this varies with soil 
properties and particularly with soil acidity (Simek and Cooper, 2002). It is carried 
out mostly by heterotrophic bacteria and occurs in anaerobic conditions when the 
oxygen present is not sufficient to satisfy the demand from microbial respiration.
1.4.4 Ecosystem  m odelling
As the above sections show, the N cycle is a complex system involving many 
processes and interactions. The process o f NH 3 exchange is intimately linked to the 
rest o f the N cycle, particularly to the availability of inorganic N in the soil and the 
movement and transformation of N within the soil-plant system.
Ecosystem modelling seeks to describe the whole ecosystem (plant, soil and 
atmosphere) and provides a dynamic description of the growth, nutrient and water 
cycling and gaseous exchange o f an ecosystem. This dynamic nature allows models 
to assess future scenarios of, for example, the effect of climate change, which is not 
possible with field experiments. Some examples of grassland ecosystem models are: 
ELM (Innis, 1978); the Hurley Pasture Model (Johnson and Thomley, 1985; 
Thomley, 1998); GEM (Hunt et al., 1991); CENTURY (Parton et al., 1998); PaSim 
(Riedo et al., 1998) and SPUR (Foy et al., 1999).
The Hurley Pasture Model (Thomley, 1998) is a grassland ecosystem model with a 
detailed treatment of ecosystem processes. Riedo et al., (1998) extended the Hurley 
Pasture Model and developed PaSim (Pasture Simulation Model). Riedo et al. (2002)
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extended PaSim to include a mechanistic description of bi-directional exchange of 
NH3. This is currently the only dynamic ecosystem model to include NH3 exchange 
in a mechanistic approach and to account for the bi-directional nature o f NH3 
exchange. The CENTURY model does include NH 3 losses as volatilisation but these 
are assumed to be proportional to gross N-mineralisation. PaSim can simulate the 
seasonal cycle o f NH 3 exchange, linking emissions to the soil N supply and the 
inputs, outputs and transformations of N and C within the soil-plant system. Such a 
model is a powerful tool to explore the relationship of NH3 exchange with external 
drivers such as management activities and changing climate.
1.5 Objectives and Thesis plan
The objectives of this thesis were:
i) To measure and quantify NH 3 exchange with an intensively managed 
grassland on a seasonal basis with high temporal resolution,
ii) To investigate the controls on NH 3 exchange, in particular the effects of 
grassland management, and develop the mechanistic understanding of NH 3 
exchange,
iii) To develop the resistance modelling approach for NH3, in particular, to 
develop seasonal parameterisations o f key variables,
iv) To apply a dynamic grassland ecosystem model and assess its performance 
for an intensively managed grassland in Scotland. Subsequently to use this 
model in a predictive capacity to explore the relationship o f changing climate 
and management on NH3 exchange.
Chapter 1 has provided an introduction to ammonia, its behaviour in the atmosphere, 
emission sources, ecological effects and pollution control policy. Techniques used to 
measure NH 3 have been discussed and recent NH 3 land-atmosphere exchange 
measurements examined. A brief overview of the pathways of NH3 exchange has 
been given, along with an introduction to the N cycle and ecosystem modelling.
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Chapter 2 gives an introduction to micrometeorology, describes the 
micrometeorological theory o f various techniques o f flux measurement and discusses 
the development o f the resistance modelling approach to the interpretation of NH3 
flux measurements.
Chapter 3 provides details o f the principal measurement site used in this study and 
the instrumentation used. It also describes the various measurements undertaken and 
the methods employed.
Chapter 4 compares key micrometeorological parameters, describes the climatology 
of the field site, provides the record o f field management and grazing activities and 
presents the results o f the vegetation and soil measurements.
Chapter 5 presents the results from the 19 months o f measurements of NH 3 exchange 
at the principal field site. It presents the concentrations and the fluxes and examines 
the diurnal, seasonal and annual variations in the exchange.
Chapter 6  presents the results of the application of a two-layer resistance model to 
the NH 3 flux measurements and develops seasonal parameterisations o f the key 
resistances and emission potentials.
Chapter 7 describes the application of the PaSim grassland ecosystem model. The 
model is compared with NH 3 flux measurements presented in this thesis and used to 
explore the influence o f changing climate and management on NH 3 exchange.
Chapter 8  presents additional NH3 flux measurements conducted over an intensively 
managed grassland in Germany. Flux measurements from four different systems are 
analysed and compared and the resulting best estimate used to investigate the 
influence o f management activities on the exchange. This case study complements 
the long-term measurements conducted in Scotland.
Chapter 9 summarises and synthesises the research and provides conclusions.
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Chapter 2: Micrometeorological Theory
2.1 Introduction
2.1.1 A tm ospheric boundary layer
Micrometeorology by definition is concerned with meteorological processes on small 
temporal and spatial scales; as such, it normally refers to processes occurring in the 
lower layers o f the atmosphere and on space scales of a few mm (e.g. leaf scale) to a 
few km. The boundary layer of the atmosphere is defined as that part of the 
troposphere which is directly influenced by the earth’s surface and responds to 
surface forcings (such as friction, heating and cooling), within a timescale o f an hour 
or less (Stull, 1988). Micrometeorological processes occur within this boundary 
layer. The study o f the emission, transport and deposition o f atmospheric pollutants 
is closely linked to micrometeorology. There are many other applications of 
micrometeorology in areas such as agriculture (protecting crops from drought, 
flooding and frost and maximising water availability), weather and climate prediction 
and aeronautics and civil engineering (designing aircraft and structures that can 
withstand meteorological phenomena).
Three distinct layers can be identified within the atmospheric boundary layer: i) a 
thin viscous sub-layer where molecular transport dominates over turbulent transport;
ii) an inner (or surface) layer constituting about 1 0 % of the boundary layer depth and
iii) an outer (or Ekman) layer (Garratt, 1992). The surface layer can be subdivided 
into two further layers: the roughness sublayer (where surface elements strongly 
influence the turbulence and mean profiles) and the inertial sublayer (where mean 
profiles o f wind speed are logarithmic in neutral conditions). In the surface layer, in 
the absence o f inhomogenities occurring at the surface, turbulent fluxes vary by less 
than 1 0 % of their magnitude and so this layer is also known as the “constant flux 
layer”. Micrometeorologists utilise the properties of the constant flux layer to 
measure the surface-atmosphere exchange of parameters by making measurements at 
one or a series o f heights within the constant flux layer.
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2.1.2 A tm ospheric stability
An important property o f the atmosphere affecting vertical transport of entities is the 
stability o f the atmosphere, which can be defined locally by comparing the actual 
lapse rate o f the atmosphere to the dry adiabatic lapse rate (r^). The lapse rate is the 
change in temperature (T) o f an air parcel with height (z). The dry adiabatic lapse 
rate is the change in temperature with height for a parcel o f dry air with no exchange 
o f heat with its surroundings. It is given by Td = d77dz = -g/cp = - 9.8 K km ' 1 where g  
is the acceleration due to gravity and cp is the specific heat capacity o f air (1.01 J g' 1 
K " 1 at STP) (Monteith and Unsworth, 1990). There are three states o f atmospheric 
stability: neutral, stable and unstable defined as follows:
neutral: - d77dz * T ci
stable: -d T /d z> T i
unstable: - dT/dz < I'd
In an unstable atmosphere the decrease in temperature with height is greater than Td 
and ascending air parcels are warmer than their surroundings, thus experiencing net 
buoyancy which acts to continue their ascent, hence the term unstable. In a stable 
atmosphere the converse is true; ascending air parcels are cooler than their 
surroundings and therefore further vertical motion is not enhanced by buoyancy.
Stability can be characterised by the Monin-Obukhov length (L): 
p ,cnTut3
L  =  - ^ -------  (2 .1 )
kgH
where pa is the density o f dry air (1246 g m ' 3 at STP), T  is the absolute temperature 
in K, u* is the friction velocity, k  is the von Karman constant (= 0.41) and H  is the 
sensible heat flux. The friction velocity is a measure of the turbulent velocity 
fluctuations in the air and can be found from:
ut = (-u 'w ') 'A (2 .2 )
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where u and w are the horizontal (aligned with mean flow) and vertical components 
o f wind speed and u' and W are the fluctuations in the horizontal and vertical wind 
components, respectively (Monteith and Unsworth, 1990).
An alternative measure o f stability is the Richardson number (Ri), which is defined 
as:
A convenient property of L is that it is independent o f height within the atmospheric 
boundary layer, whereas Ri is not independent of height and so is a less useful 
parameter for characterising stability throughout the atmosphere.
2.2 Flux measurement techniques
A flux of a quantity is the transfer o f that quantity per unit area per unit time. 
Micrometeorologists are concerned with fluxes of mass, momentum, heat and 
moisture to and from Earth’s surface; techniques to study these fluxes have been 
developed over the last 50 years (Monteith and Unsworth, 1990). One method to 
measure pollutant fluxes is using enclosures to cover the area o f interest. The change 
of concentration over time within the enclosure can be measured or else a dynamic 
enclosure can be used which actively pumps air through the enclosure and measures 
the concentration difference between the inlet and outlet (Fowler and Duyzer, 1989). 
The advantages o f enclosures are that they can be used over small areas (of the order 
o f 1 m ) and so can be used to compare plots with different treatments or in areas, 
which are otherwise unsuitable for micrometeorological measurements such as steep 
slopes. The disadvantages are that the enclosures modify the environment (by 
altering the microclimate and turbulence) and also that many enclosures may be 
needed to get a representative measurement due to spatial heterogeneity in the 
sample area. By contrast, micrometeorological techniques make a measurement at 
the canopy scale integrated over a larger upwind area and the equipment does not 
disturb the area o f measurement. The measurements o f NH 3 exchange presented in 
this thesis were conducted using the micrometeorological aerodynamic gradient
37
M icrom eteorological Theory Chapter 2
method and this is described below before introducing other micrometeorological 
methods of flux measurement.
2.2.1 A erodynam ic gradient m ethod
The aerodynamic gradient method measures vertical gradients of windspeed, 
temperature and trace gas concentration within the constant flux layer o f the 
atmosphere and relates these gradients to the flux using Fick’s law of diffusion. 
Fick’s law states that a flux (F), e.g. o f a trace gas concentration %, is a product of its 
concentration gradient and a diffusivity, which, in the case o f turbulent atmospheric 
transport, is the turbulent diffusion coefficient or eddy diffusivity, Kx:
¿X
dzFx = ~ K x - r  (2 -4 )
Similar relationships exist for momentum flux ( t )  and sensible heat flux (H) as 
follows (Monteith and Unsworth, 1990):
i  = P .^ m ^  (2-5)dz
H  = ~P.crK „ ^ -  (2 .6 )
dz
where K m and K \are the eddy diffusivities for momentum and heat, respectively. 
The eddy diffusivity for momentum is given by:
k ( z - d ) u ,
K M = — --------- ( >
M
where O m is the stability correction function for momentum and d  is the zero-plane 
displacement height, the notional height above ground at which the absorption of 
momentum occurs within a canopy. According to similarity theory (Monin and 
Obukhov, 1954) the eddy diffusivity for entrained properties is equivalent to that for 
heat and is given by:
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_ k { z - d ) u t
x  h ^  (2-8 )
H
where O h is the stability correction function for heat. The stability correction 
functions compensate for the non-logarithmic nature of wind, temperature or trace 
gas profiles in non-neutral conditions. Webb (1970) proposed the following 
expression for O m and O h for stable conditions:
O m = O h =(1 + 5.2Q (2.9)
and Dyer and Hicks (1970) proposed the following expression for O m and O h for 
unstable conditions:
O m2 = O h =(1-16Q"2  (2.10)
where C, = (z-d)/L is a dimensionless stability parameter.
Alternatively, Fx may be given by:
F% = ~u*X* (2 .1 1 )
where x* is the scaling concentration. The friction velocity and scaling concentration 
can be found from:
X - (2-13)  
O h
The gradients o f concentration and windspeed with height are (approximately) 
logarithmic and so Eqs. (2 .1 2 ) and (2.13) can be linearized by integrating. O m and 
O h are height dependent (see Eqs. 2.9 and 2.10) and so need to be included in the 
integration. This is achieved using integrated stability functions, 'Em and 'EH, which 
are a function o f C, (Panofsky, 1963):
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u(z - d )  = —  
k
X O  ~ d )  =
X*
In
z -  d
( 0 (2.14)
V zo j
/ f  ^  z — Cl
\
In (2.15)
V V z o j )
where zq (roughness length) and z 0 ' are the notional heights above d at which the
windspeed and concentration are predicted to be zero, respectively, if  the log profiles 
were to be extended to the ground.
In stable conditions, the integrated stability functions can be obtained from the 
straightforward integration o f O m and O h as given in Eq. 2.9:
= xfh = -5 .2Ç  (2.16)
whereas in unstable conditions, Paulson (1970) provides the following formulation:
^ M = 2 1 n + ln
' l +  s 2 '  
v 2 ,
- 2  tan 1 (x) +
TC
(2.17)
V 2  y
(2.18)
where v = (1  - 1 6 Q  " (2.19)
Substituting equations 2.14 and 2.15 into equation 2.11 provides an expression for 
the flux, Fx, as:
F
du d x
d[ln(z -  d) -(Q ] d[ln(z -  T „ (Q]
(2.20)
However, for the flux measurements presented in this thesis, u* was obtained directly 
from eddy covariance measurements using a sonic anemometer (see section 2 .2 .2 ) 
rather than from wind speed profiles. Consequently, the flux Fx was found from the 
following expression:
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F x  ~  ~ k u *
d X (2 .21 )
d [ l n ( z - J ) - T H(Q]
and T H was obtained from Eqs. (2.16) or (2.18) using values o fZ  obtained from eddy 
covariance measurements of u* and //(E q . (2.1)).
2.2.2 Eddy covariance
The eddy covariance (EC) method is, in principle, preferred to the aerodynamic 
gradient method as it does not depend upon an empirically derived stability 
relationship to estimate the flux. The vertical flux of a trace gas is given by the mean, 
over the sampling interval, of the instantaneous product o f its concentration (x) and 
the vertical wind speed (w) (e.g. Fowler and Duyzer, 1989; Moncrieff et al., 1997a):
Using the Reynolds decomposition of w into an average component, w, plus its 
instantaneous fluctuation from that average, w' , ( w = w + w ' ) and similarly for x, 
(X = x + x')> Eq. 2.22 can be rewritten as:
It is often assumed that over horizontally homogeneous surfaces w = zero, and 
therefore Eq. 2.23 reduces to:
Elowever, in the presence o f sensible and latent heat fluxes, w ^  0 and a correction is 
needed to obtain the flux (see Section 2.3.2).
The fluxes o f sensible heat (H), latent heat (A,E) and momentum (t) can also be 
determined in a similar fashion by eddy covariance:
^ x = w X (2 .22)
Fx = w'x'+w% (2.23)
(2.24)
H  = pacpw'Q' (2.25)
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(2.26)
X = - p a w u (2.27)
where 9 is potential temperature, X is the latent heat o f evaporation, s is the ratio of 
the molecular weights o f water vapour and dry air, e is the water vapour pressure and 
p a is ambient air pressure.
The eddy covariance method requires fast response sampling o f the trace gas 
concentration. The frequency response required depends upon the size of the eddies 
carrying the flux. The eddy size increases with increasing height above d, surface 
roughness and decreasing windspeed. Consequently, a different frequency response 
would be required for measurements above a grassland compared with measurements 
above a forest. Generally, analysers with a frequency response o f between 1 to 10 Hz 
are adequate for most eddy covariance flux measurements.
2.2.3 R elaxed eddy accum ulation
The relaxed eddy accumulation (REA) method operates by sampling air into two 
reservoirs or two analysers according to whether the sign o f the fluctuation of the 
measured vertical wind component is +ve (updraught) or -v e  (downdraught). The
concentrations in these two reservoirs, x + and can then be determined with a 
lower time resolution and the flux is found as:
where px is an empirical constant o f proportionality and a w is the standard deviation 
of w (Businger and Oncley, 1990; Oncley et al., 1993). Relaxed eddy accumulation 
is a useful method for those species which do not have a sufficiently fast response 
analyser to conduct EC measurements. The advantage over the aerodynamic gradient 
method is that measurements can be made at a single height allowing investigation of 
flux divergence at different heights. The disadvantage of the REA method is that the
concentration difference between the up and down draughts \y+ -  ) is much
F x = P x<MX+ - X (2.28)
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smaller than the d% signal for the aerodynamic gradient method and is therefore more 
difficult to resolve analytically (Sutton et al., 2001a).
2.3 Assessment of flux measurements
2.3.1 Fetch and f lu x  fo o tp r in t
The validity of the above flux measurement methods relies on the principle of the 
flux being constant with height in the inertial sub-layer. However, this is only true 
for the surface layer in equilibrium with a homogeneous surface; changes in the 
roughness of a surface or in the vegetative properties will lead to changes in the 
vertical flux. To ensure that the flux measurement is representative o f a particular 
surface, the measurement height must be within the new internal boundary layer 
which forms after a surface inhomogeneity. The height o f this layer (8 ) depends on 
the upwind distance ( x l )  or “fetch” to the inhomogenity. Empirical evidence suggests 
that the ratio ofxL to 8  is approximately 1 0 0 :1 .
However, the extent o f an upwind area affecting a flux measurement changes with 
wind direction, wind speed, surface roughness and stability and therefore a more 
thorough analysis has been developed to assess the contribution to the flux 
measurement from a particular upwind source area, this is termed “footprint” 
analysis. Schmid (2002) reviewed the existing footprint modelling approaches and 
provides a summary o f the development o f the footprint concept. The footprint is 
defined as “the upwind area most likely to affect a downwind flux measurement at a 
given height z” (Schuepp et al., 1990). Schuepp et al. (1990) provided analytical 
solutions o f the diffusion equation based on Gash (1986) and defined the cumulative 
normalized contribution to the flux measurement (CNF) at height z and upwind 
distance x l as:
CNE(xl )=  j/(x,z)<fx (2.29)
0
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where U is defined as the average windspeed between the surface and the 
measurement height z. However, these equations are only defined for neutral 
stability. Schuepp et al. (1990) proposed the multiplication of the U/u* ratio in Eq.
(2.30) by the momentum stability correction function (Om) as an approximation to 
account for the effect of stability.
Various other studies have developed the footprint analysis (Wilson and Swaters, 
1991; Horst and Weil, 1992; 1994; Leclerc et al., 1997; Haenel and Grunhage, 1999; 
Schmid and Lloyd, 1999). Kormann and Meixner (2001) proposed an analytical 
model for the footprint, which directly accounts for non-neutral stratification. They 
calculate the CNF at upwind distance xL from Eq 2.29 with/(x, z) given by:
r~ k
r  is the “shape factor” ( r  =  2  +  m -  n ), U\ is the constant and m is the exponent in the 
power-law approximation of the wind velocity profile ( w(z) = U xz m), k is the 
constant and n is the exponent in the power-law approximation of the eddy 









z dK  
K  dz
------------ for L > 0
1 + 5 z ! L
(2.34)
1 - 2 4  z / L  
1 - 16z/L
for L < 0.
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2.3.2 Potentia l errors in f lu x  m easurem ents
In addition to the measurement requirement o f sufficient fetch, the flux methods 
presented in Section 2.2 also assume stationarity and homogeneity of the 
atmospheric conditions. In practice, there can be variation in the flux with height, 
known as flux divergence (dFJdz) (Eq. 2.35). Flux divergence can arise from 
(Fowler and Duyzer, 1989):
dF dy dF
-T 2- = — FJL + <2ch=m (2-35)oz at ox
i) changes in concentration with time (d y jd t), leading to changes in the 
storage of the trace gas in the air column below the measurement level, 
known as the storage term;
ii) horizontal gradients in concentration leading to a local advection term 
{dFJdx) and
iii) chemical production or consumption of the trace gas between the 
measurement level and the surface (Qchem)-
Storage
The storage term or the resulting difference in the vertical flux due to storage (the 
storage error, AFz,st0) may be found from (Fowler and Duyzer, 1989):
z - d
0 dt
which is approximately equal to:
AF„,0 = ( z - r f ) % .  (2.37)
at
In the case o f ammonia, where exchange fluxes are relatively large compared with 
concentration, the flux divergence due to storage (d y jd t) is generally small (Sutton 
et al., 1993a). The magnitude of the storage error is proportional to height and
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therefore the error is reduced when making measurements over a smaller height 
range, such as over grassland.
The difference in the vertical flux due to advection (the advection error, AFz>adv) can 
be found as (Fowler and Duyzer, 1989; Loubet et al., 2001):
If the integrand is assumed to be constant with height then Eq. 2.38 can be simplified 
to:
Using Eq. 2.39, an estimate o f the advection error can be found from measured wind 
speeds and horizontal concentration gradients. More thorough assessments of 
advection have been made by e.g. inversion of a local-scale dispersion-exchange 
model (Loubet et al., 2001). The flux divergence due to advection can be quite
(Loubet et al., 2001). However, similar to the storage error, the advection error is 
reduced for rapidly depositing species such as NH 3 and for lower measurement 
heights (Sutton et al., 1993a).
Chemical production or consumption
The difference in the vertical flux due to chemical production or consumption 
(AFZiChem) can be significant for ammonia where either evaporation of ammonium 
containing aerosol, or production o f aerosol, respectively, occur in the surface layer. 
Modelling approaches addressing this issue have been developed (e.g. Brost et al., 





significant for NH3, particularly where large NH 3 sources exist in the vicinity
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Density corrections
As mentioned in section 2.2.2, eddy covariance measurements need to be corrected 
due to the presence of sensible and latent heat fluxes. This leads to the following 
expression for the flux (Webb et al., 1980; Fowler and Duyzer, 1989):
where p is the ratio of the molecular weight of dry air to that o f water vapour, a  is 
the ratio of the density of water vapour to the density o f air.
The measured flux has to be corrected for these sensible and latent heat fluxes to 
obtain the actual trace gas flux. In practice, the corrections are only significant if  the 
trace gas flux is small compared to its concentration. The need for corrections is 
eliminated if the trace gas is dried and brought to a reference temperature before 
measurement (Fowler and Duyzer, 1989). These corrections are also required when 
measuring with the aerodynamic gradient technique if the air flow is controlled by 
critical orifices at different heights. Nemitz (1998) derived corrections for flux 
measurements from such a gradient system and concluded that the corrections were 
small for NH 3 , which exchanges rapidly with the surface.
2.4 Resistance modelling of NH3 exchange
2.4.1 The resistance m odelling approach
Resistance analysis is a technique used by micrometeorologists to identify and 
parameterise different pathways o f exchange. Fluxes o f pollutants (or any other 
quantity) are treated as an analogue of electrical current. Ohm’s law (V= IR )  relates 
the current (7) to the potential difference (V) and resistance (R). In the case of 
pollutant exchange the flux (Fx) is equivalent to the electrical current and is equal to 
the ratio o f the concentration difference between two heights and the resistance to 
transfer between those two heights (7?(zi, z2)):
F  = w -x- + (— ) ^  + pa(l + pa) E  + ( - ^ ) J L  
P a  L 1 J P a  cvT
(2.40)
X(z2) ~X( z 1) 
R ( z {, z 2)
(2.41)
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The sign convention used is that emission fluxes are positive and deposition fluxes 
negative.
2.4.2 Canopy resistance m odel
The first resistance models used to describe pollutant exchange were developed for 
pollutants, which are only deposited to vegetation, not emitted from vegetation, such 
as sulphur dioxide (SO2) and ozone (O3) (Fowler and Unsworth, 1979) (Fig. 2.1a). In 
this case the surface concentration is assumed to be zero and the flux can be found
as:
^ x = -
% (z -d )~  0  
R.
(2.42)
where Rt is the total resistance to transfer between height (z-d) and the surface, the 












X s > 0
Fig 2.1. Diagram o f a) the canopy resistance model and b) the stomatal compensation point model of 
NH3 exchange.
The reciprocal o f R{ is known as the deposition velocity (Fd). The deposition velocity 
is a measure o f the speed with which a pollutant is deposited to the ground, its units 
are m s' 1 and similarly to i?t, it is height dependent. Rt can be separated into 
component resistances, the aerodynamic resistance (Ra), the boundary layer 
resistance (Rd) and the canopy resistance (i?c):
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-  Ra + Rh + Rc (2.43)
The aerodynamic resistance describes the turbulent transfer through the flux layer 
between a reference height (z-d) and z q , the notional height above d  at which the 
windspeed is zero. Trace gases and other entrained properties experience an 
additional resistance, Rb, due to a quasi-laminar boundary layer at the surface. This 
leads to the apparent site o f exchange o f these properties being at d + z0 1 where
z 0 '<  zq. R c is the canopy resistance to pollutant uptake. The maximum deposition 
velocity (Fmax) occurs when the canopy resistance is zero and is found from:
kmax -  (Rd+Rbï1 ■ (2.44)
Aerodynamic resistance (RJ
Ra is determined by integrating the inverse o f the eddy diffusivity for momentum 
(Km) over the height range between z-d  and zq (Thom, 1975):
z - d
K ( z ~ d ) = \ Ku \ z)dz (2.45)
This leads to the following expression:
f
ln z d  _ ip ' z d m t M
Ra(z ~ d) ~ \  zo y V /
kut
(2.46)
The transfer o f trace gases and other entrained properties is equal to momentum 
transfer in neutral and stable conditions, therefore Eq. 2.46 can be used for all 
quantities in these conditions. In unstable conditions, the transfer o f trace gases and 
other entrained properties is not equal to momentum transfer and Garland (1977) 
derived a relationship which could be used in all stability conditions as follows:
RA z - d ) = ^ l
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Laminar boundary layer resistance (Rb)
Rb is usually found from empirical relationships describing the diffusion through the 
quasi-laminar boundary layer, e.g. as proposed in Garland (1977) for a fibrous 
surface:
where Re* is the turbulent Reynolds number (Re*=zou*/v), Sc is the Schmidt number 
(Sc=v/Dx), v is the kinematic viscosity o f air and Dx is the molecular diffusivity of
1987) and 2.27 x 10' 5 m ' 2 s' 1 (Monteith and Unsworth, 1990) were used for the 
diffusivity of NH3 and water vapour respectively for the measurements presented 
here, both diffusivities are reported for a temperature of 10 °C. Other 
parameterisations o f i?b exist (e.g. Wesely and Hicks, 1977).
Canopy resistance (Rc)
As described above, Rc is the bulk canopy resistance to pollutant uptake and is given
All the terms in Eq. 2.50 can be found from micrometeorological measurements as 
described in Section 2.2. Rc can also be replaced by component resistances acting in 
parallel, for example resistances describing uptake through the stomata, to the leaf 
surfaces and to the soil (Fowler and Unsworth, 1979).
(2.48)
c  9  1
the entrained property. Values o f D x = 2.09 x 10' m ' s' (Hargreaves and Atkins,
by:
K  -  R i -  K  -  Rb (2.49)
Replacing R{ in Eq. 2.49 by Eq. 2.42 gives:
(2.50)
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2.4.3 Stom ataI com pensation po in t m odel
The canopy resistance approach is based on the assumption that the concentration at 
the surface is zero, but this approach is not valid for periods when trace gases are 
being emitted at the surface. Ammonia is a trace gas, which can be both emitted from 
and deposited to vegetation. This is because plants contain NH4+ in the apoplast and 
NH3 is present in substomatal cavities in equilibrium with the apoplastic NH4+ 
concentration (see section 1.3.1). Farquhar et al. (1980) proposed that a modelling 
approach initially developed for carbon dioxide (CO2 ) could be adapted for NH3. The 
surface concentration, instead of equalling zero, is assumed to be equivalent to the 
gaseous stomatal concentration or stomatal compensation point (%s) (Fig. 2.1b). If  all 
other pathways of exchange than through the stomata are eliminated, the flux is 
found as:
x (*- r f )-x .  (251)
X * a + * b + * s
where Rs is the stomatal resistance, the reciprocal o f which is the stomatal 
conductance (gs). The relative magnitude of %s and the ambient NH3 concentration at 
a reference height x,{z-d) define the direction o f the flux: Xs > X(z-d) results in 
emission from the surface; Xs < X(z-d) leads to deposition and Xs = %(z~d) results in no 
net flux. The stomatal compensation point can be found from Eq. 1.7 if  values for the 
temperature o f the canopy, the apoplastic [NH4+] and pH are either known or 
estimated (see section 1.3.1).
Stomatal resistance (Rs)
The stomatal resistance for NH3 can be found by equating it to the stomatal 
resistance for other gases such as ozone, carbon dioxide or water vapour while 
accounting for differences in the molecular diffusivities o f the gases. The stomatal 
resistance for water vapour transfer (Rse) can be calculated from 
micrometeorological measurements o f latent heat flux (XE) during dry conditions 
(when all water vapour transfer is assumed to be via stomata) as:
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r, e(z0 ' ) - e s at(r(Zo’))
sE _  „ (2-52)
E
where e( z0') is the water vapour pressure at the leaf surface and esat(T( z0')) is the
saturated vapour pressure at the temperature o f the surface. In addition, there are 
many parameterisations developed for Rs for CO2 transfer. One such 
parameterisation is given in Eq. 2.53 from Jarvis (1976) and Hicks et al. (1987). 
Essentially, stomatal opening depends on light availability but Rs is also modified 
according to other stress factors:
1 + b / I n
Rs = R smn 7 7 - 7 7  (2-53)
J e J w J T  J s
Rs,min is the minimum value of Rs, b is a constant describing the light response curve, 
7P is the photosynthetically active radiation, an d /s are correction factors for
humidity, water stress, temperature and differences in the molecular diffusivities of 
the gases, respectively, and take values between 0  and 1 .
2.4.4 Single-layer canopy com pensation po in t m odel
The above two modelling approaches are only valid for NH 3 exchange in particular 
circumstances, e.g. the stomatal compensation point model is valid for dry daytime 
conditions or for controlled environment studies when cuticular exchange can be 
ignored. In the full range o f environmental conditions experienced in the field, the 
two processes o f bi-directional exchange with stomata and deposition to leaf surfaces 
can occur simultaneously. Sutton and Fowler (1993) proposed a model that could 
account for these two competing processes (Fig. 2.2). The aerodynamic resistance, 
boundary layer resistance and stomatal resistance are still determined in the same 
manner.
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•c
X s>0
Fig 2.2. Diagram of the single-layer canopy compensation point resistance model o f NH3 exchange 
(Sutton and Fowler, 1993).
New parameters introduced were the resistance to the leaf cuticles (i?w) and a canopy 
compensation point (xc), which is the notional average concentration in the canopy.
It is the relative magnitude of the canopy compensation point and the ambient NH3 
concentration that controls the direction and magnitude o f the net flux in this model:
Xc may be calculated as (Sutton et al., 1995b):
Cuticular resistance (Rw)
The cuticular resistance (Rw) governs the deposition of NH 3 to the leaf cuticles. As 
described in section 1.3.2, NH3 is readily adsorbed into water films on the leaf 
surface. Measurements o f NH3 adsorption onto leaves and glass surfaces were 
conducted by van Hove et al. (1989) and Benner et al. (1992), respectively. They 
found increasing adsorption with increasing relative humidity. Sutton et al. (1995b)
(2.55)
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compared these measurements with nighttime measurements o f NH 3 exchange over 
forest (Wyers et al., 1993a) and proposed the following relationship for the cuticular 
resistance:
d  d  ( 1 0 0 - R H ) / a  ^  c i ' \w = w,min (2.56)
where R w,m¡n is the minimum value of Rw, RH  is relative humidity and a is a constant. 
Duyzer et al. (1994) compared canopy resistances from NH3 exchange over forest 
against vapour pressure deficit (VPD) and found that the canopy resistance increased 
at higher VPD, although there was no clear relationship between the two parameters. 
Nemitz et al. (2000b) proposed a relationship for cuticular resistance based on 
vapour pressure deficit (VPD):
D (cx  V P D ) c „sR w = exp '  (2.57)
where c is a constant. However, neither o f these parameterisations include the effect 
o f leaf chemistry which also has a strong influence on the cuticular deposition. 
Sutton et al. (1998) extended the single-layer %c model and parameterised the leaf 
surface as an electric capacitor which could be deposited to and also re-emit NH3. 
This approach was developed further by Flechard et dl. (1999) who used the 
chemical composition o f rainfall and dry deposition estimates to simulate the likely 
chemical composition of the leaf water layers and the corresponding pH. However, 
as both these models need to be solved dynamically and require increased amount of 
input data they are not easy to parameterise for many locations, e.g. as required in an 
atmospheric transport model.
2.4.5 Two-layer canopy com pensation p o in t m odel
The single-layer Xc model adopts the ‘big-leaf approach to modelling, i.e. it treats 
the canopy as a single layer and does not accommodate deposition and emission 
processes from different layers in the canopy, for example when there is a strong 
ground surface emission source o f NH3 after fertilisation. As an extension to this 
approach, Nemitz et al. (2001b) introduced a two-layer canopy compensation point 
model (Fig 2.3) which incorporates bi-directional foliar stomatal exchange and
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deposition to leaf cuticles, but simultaneously treats NH 3 exchange with the ground 
surface.
Fig 2.3. Diagram o f the two-layer canopy compensation point resistance model o f NH3 exchange 
(Nemitz et al., 2001b).
There are two emission potentials: one for the foliage, described by Xs and secondly 
for a ground source characterised by xg- As described.in section 1.3.1 (Eq. 1.7) and 
section 2.4.3, Xs can be found from the canopy temperature and the 
ammonium/hydronium ratio in the apoplast ([NH4+]/[H+]) which has been termed the 
stomatal emission potential (Ts). Xg is found from an analogous equation to Xs (Eq.
1 .8 ) where Tg is the ammonium/hydronium ratio o f the emission source at the ground 
surface, be it plant material or soil (see section 1.3.3). There are 6  resistances to 
transfer: Ra, 7?b, Rs, Rw, RiC and Rbg. Rac is the in-canopy aerodynamic resistance and 
Rbg is the ground boundary layer resistance. These two resistances act in series and 
constitute the total ground resistance, Rg, (Rg = Rac + Rbg).








M icrom eteorological Theory C hapter 2
The solution for x(zo) is given in Nemitz et al. (2001b). As the five component fluxes 
and Xc and x(zo) are unknown, any one of the unknown variables can be found by 
forming 7 linear equations. On substitution and simplification of these linear 
equations, x(zo) can be calculated as:
X(z o) =
x A ~ ‘ + x , V '  + X c V '  
~ R ; ' + R ; ' + R : 1
(2.59)
and Xc can be calculated as:
X, = [xa(^a^r1+xsb a ^ r 1+(^^s)"1+(^ĝ r 1}+xg( ^ ^ gr I]
( * A r  + ( * ,* ,)  + ( K K )  + (RbRs r  + (RbRs) 
+ (RbR J - '  +(RgRsy l +(RsRv/y l
(2.60)
In-canopy aerodynamic resistance (R„c)
The in-canopy aerodynamic resistance can be found by integrating the inverse of the 
eddy diffusivity (Ah) over the height range between the ground surface and the 
average height o f the foliar exchange (d + z0):
d+Zn
R,c(d  + z o)=  j K n \z ) d z (2.61)
According to Raupach (1989):
^ h O )  = t l ( zK v  0 ) (2.62)
where tl is the Lagrangian timescale and a w is the standard deviation of the vertical 
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where hc is the canopy height while ctw is usually assumed to be proportional to «*.. 
Hence Kh °c u * and Rac oc Hu*, as a result of this Nemitz et al. (2000b) proposed the 
following relationship for i?ac:
where a  is a constant.
Ground boundary layer resistance (Rbg)
Little is known about in-canopy or ground boundary layer resistances. However, 
Schuepp (1977) proposed that the transfer coefficient at the surface is determined by 
the eddy size near the surface. If it is assumed that a logarithmic wind speed profile 
exists within the canopy with eddy size proportional to the distance from the surface 
then a friction velocity within the canopy can be defined and is denoted u*g. The 
lower boundary o f this logarithmic profile is found at a distance do above the surface 
where molecular diffusivity become equal to eddy diffusivity. Thus So can be found 
approximately as follows:
K d d + z o) = a (d + z 0)u,~l (2.64)
D x = kutg50 (2.65)
and the ground boundary layer resistance can be parameterised as follows:
_ *Sc-ln(50 / z g)
i V .  ,  —  --------------------------------------------
ku.t
(2 .66)
where Sc is the Schmidt number and zg is the height above the surface to which the 
logarithmic profile extends (Schuepp, 1977).
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Chapter 3: Easter Bush: field site and experimental details
3.1 Introduction
The measurements o f NH 3 exchange began in May 1998 and were completed in 
November 1999, a period o f 19 months, covering two field seasons. Intensively- 
managed grassland was chosen as the target ecosystem type due to the seasonal 
variability o f NH 3 exchange expected to be observed and also due to the lack o f long­
term measurements o f NH 3 exchange over this ecosystem type. This chapter provides 
details o f the principal measurement site, the instrumentation used, the measurements 
undertaken and the methods employed.
3.2 Site description
The principal measurement site was located at a university owned experimental farm 
(Easter Bush) in southern Scotland (3° 12’ W, 55° 52’ N, elevation 190 m above sea 
level). The field site consisted of two intensively-managed grassland fields of 
approximately five ha each. The measurement system was placed on the boundary of 
the 2 fields (Fig. 3.1) which runs NW to SE. This enabled micrometeorological flux 
measurements to be conducted over one field in SW wind directions and the other 
field in NE wind directions, the two prevailing wind directions at this site. These two 
fields are referred to as ‘South’ and ‘North’ field, respectively. The fields received on 
average between 270 and 320 kg N ha ' 1 yr' 1 from three fertiliser applications and 
were cut twice a year for silage (see Section 4.3.1 for full management details). After 
the second cut, the fields were grazed by cattle and sheep in the late summer and 
autumn. The surrounding fields are also intensively-managed grassland with similar 
management. There are two farms in the vicinity: Easter Bush Farm is 400 m due 
east from the field site; Easter Howgate Farm is 500 m from the field site at a bearing 
of 250° (Fig. 3.2).
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Figure 3.1. Site diagram showing the location o f the measurement equipment on tire boundary o f the 
two fields.
Figure 3.2. Site diagram showing the location of the field site in relation to its surroundings.
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The plant species composition was surveyed at the field site in 2002 and is 
dominated by Lolium perenne (> 90%) (C. Pitcairn, Pers. comm.).
Table 3.1. Plant Species composition at Easter Bush field site, N and S fields (Pitcairn, Pers. comm.).




Lolium perenne (Ryegrass) 96.44 92.46
Phleum pratense (Timothy) 1.66 1.4
Poa annua (Annual meadow grass) 0.20 0.44
Ranunculus repens (Buttercup) 0.98 2.24
Trifolium repens (White clover) 0.26 0.16
Rumex obtusifolia (Broad leaved dock) 0.1 3
Taraxacum officinale (Dandelion) 0.14 0.02
Veronica pratense (Field speedwell) 0.04 0
Chaerophyllum temulentum (Chervil) 0.1 0.06
Dactylis glomerata (Cocksfoot) 0.04 0.2
Holcus lanatus (Yorksire Fog) 0.02 -
Beilis perennis (Daisy) - 0.02
3.3 Instrumentation
Table 3.2 gives details o f the NH 3 and micrometeorological measurements that were 
conducted at Easter Bush throughout the 19-month period. The instrumentation and 
techniques are described below. NH3 concentration gradients were measured with a 
time resolution of 7.5 minutes, while the micrometeorological measurements were 
averaged over a 15-minute time period. Soil and vegetation parameters that were 
measured regularly (fortnightly or more frequently around the period of management 
activities) are listed in Table 3.3.
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Table 3.2. Ammonia and micrometeorological measurements conducted at Easter Bush.
Measurement Instrumentation Model and Supplier
NH3 concentrations AMANDA3 (NH3 analyser) ECN, The Netherlands
(3 heights)
Turbulence parameters Ultrasonic anemometer 1012RA (Gill Instruments, UK)
(e.g. u.)
Sensible heat flux Ultrasonic anemometer 1012RA (Gill Instruments, UK)
Windspeed profile Cup anemometers (Vector Instruments Ltd, UK)
(5 heights)
Air temperature profile 
(2 heights)
Thermocouples Fine Gauge Chromel-Constantan, 
0.003” (Campbell Scientific, UK)
Water vapour profile Dew Point Hygrometer (Campbell Scientific, UK)
(2 heights)
Net Radiation Net radiometer Q-7 (Campbell Scientific, UK)
Solar radiation Solar radiometer SPI 110 (Campbell Scientific, UK)
Soil temperature and soil 
heat flux
Thermocouples and soil heat 
flux plates
(Campbell Scientific, UK)
Wind direction Wind vane W200P (Campbell Scientific, UK)
Precipitation Tipping bucket rain gauge (Campbell Scientific, UK)
Leaf wetness Clip sensors Burkhardt and Eiden (1994)
aAMANDA (Ammonia Measurement by ANnular Denuder sampling with online Analysis)
Table 3.3. Soil and vegetation regular measurements conducted at Easter Bush.
Measurement Method
Soil available NH4+ and N 0 3‘ Extraction with 1M KC1 followed by colorimetric method
Soil moisture content % weight loss on drying
Foliage N content Acid digestion and indophenol blue method
Foliage NH4+ content Grinding followed by centrifugation & NH4+ analysis on 
AMFIA3
Apoplastic NH4+ content Vacuum infiltration followed by centrifugation
Leaf Area Index, biomass, Canopy harvest
Canopy height Direct measurement
aAMFIA (Ammonium Flow Injection Analyser)
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3.3.1 Am m onia instrum entation
The NH3 flux measurements were conducted by the aerodynamic gradient method 
using the continuous flow denuder referred to as AMANDA, (Ammonia 
Measurement by ANnular Denuder sampling with online Analysis) (Wyers et al., 
1993) to measure the ammonia concentrations at three heights. The advantages of 
this technique and its comparison with other ammonia measurement techniques have 
been described in section 1.2.1 and 1.2.2. The AMANDA analyser is ideally suited 
for micrometeorological measurements because of its low detection limit, high 
precision and accuracy, good linear range and high time resolution. The high time 
resolution of this method and the ability to run continuously (e.g. as in the period 
presented here o f 19 months) is a vast improvement on other batch methods and 
allows a more detailed investigation of the underlying processes and o f the diurnal, 
seasonal and annual variability in the concentrations and exchange of NH3. Although 
in principle, the eddy covariance technique might be preferred, instruments capable 
of rapidly measuring NH3 concentration are still in the development stage.
The AMANDA analyser uses rotating annular denuders, which consist of two 
concentric glass tubes o f 30 cm length and up to 50 mm diameter, positioned 
horizontally (Figure 3.3). The walls of the annular space of the denuder are coated 
with a slightly acidic absorption solution (3.6 mM NaHS0 4 ). Air is pumped through 
the denuders at a rate o f approximately 26 I min ' 1 and any gaseous ammonia present 
in the air diffuses to the sides of the denuders, where it is captured by the absorption 
solution. Ammonium aerosol (NH4+) passes through un-impeded as rates o f sub­
micron aerosol diffusion are much smaller than for NH3 .
The absorption solution is continuously pumped through the denuders at a rate of 
approximately 1 ml min ' 1 and analysed online by a common detector. Once in the 
detector, the stripping solution containing NH4+ is mixed with a solution o f 0.5 M 
NaOH and molecular ammonia is formed. A proportion o f this ammonia diffuses 
through a semi-permeable PTFE membrane and is dissolved in de-ionized water 
present on the other side of the membrane, where at pH < 7 it is mostly present in the 
form of NH4+. The NH4+ concentration in this water flow is determined by 
conductivity. The analyser is calibrated with aqueous standards o f typically 0, 50 and
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500 pg f 1 NH41. The detection limit is approximately 0.02 pg m ' 3 NH3 in air. Data- 
acquisition is through a datalogger present in the analyser.
Figure 3.3. One of three rotating annular denuders in the AMANDA analyser.
Concentrations o f gaseous ammonia were measured at three heights. The lowest two 
measurement heights varied with the height o f the canopy, but were between 0.35 m 
to 0.8 m above ground for the lowest height and 0.79 m to 1.21 m above ground for 
the middle height. The highest measurement level remained at 2.06 m above ground 
throughout the measurement period. Average concentration values for all three 
denuders were determined over a 7.5 minute period. The denuders were sampled 
sequentially with a stabilising time of 120 s and an averaging time of 30 s. Longer 
lengths o f  tubing transporting the solution to the detector were attached to denuders 2  
and 3 to ensure that the concentrations measured in the analyser for the three heights 
referred to the same air sampling period. Figures 3.4 and 3.5 show the field set-up 
and the cutting o f the grass on the N field on 31 July 1998.
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Figure 3.4. Easter Bush field set up showing from left to right, i) the Bowen Ratio weather station, ii) 
the NH3 gradient system, iii) the wind anemometer profile and iv) the sonic anemometer on 
28/7/1998. The far field is the S field and is cut, the near field is the N field and is uncut on this date.
Figure 3.5. Easter Bush field set up showing the cut south field and the north field being cut for silage 
on 31/7/1998.
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3.3.2 M icrom eteorological instrum entation  
Ultrasonic anemometer
A Solent Research ultra-sonic anemometer (1012RA, Gill Instruments, Lymington, 
UK) mounted at 2.1 m provided measurements o f horizontal wind speed (U), wind 
direction, friction velocity (u*) and sensible heat flux (H ). The anemometer measures 
the difference in the transit time of sound waves between three pairs o f transducers 
and from this calculates the horizontal and vertical components o f the windspeed, as 
well as the speed o f sound, which is related to the air temperature. The virtual 
sensible heat flux was calculated by eddy covariance (Eq. 2.25) from measurements 
of fluctuations in vertical wind velocity (w) and fluctuations in the sonic measured 
air temperature (7). The anemometer was logged at 20.83 Hz using Edisol software 
(Moncrieff et al., 1997b).
Wind profile
The mean horizontal wind speed, momentum flux and friction velocity were also 
calculated using the aerodynamic gradient method as an additional and independent 
method from the eddy covariance measurements. The wind profile was determined 
from wind speed measurement at five heights using sensitive cup anemometers 
(Vector Instruments Ltd, Clywd, UK). The measurement heights employed varied 
with canopy height but ranged between 0.48 m to 2.67 m above ground. The 15- 
minute average wind speeds were logged using a logger (21x, Campbell Scientific, 
Loughborough, UK). The use o f two independent measurement techniques for 
windspeed and friction velocity increased the robustness of the final estimate and 
gave some indication o f the uncertainty o f the measurement.
Bowen ratio weather station
A Bowen Ratio (BR) system (023A, Campbell Scientific, Loughborough, UK) was 
installed at the site. This was not used as a BR system, but provided gradients of air 
temperature and water vapour. Air temperature was measured using fine gauge 
chromel-constantan (E-type) thermocouples with diameters o f 0.003”. Water vapour 
pressure and dew point temperature were measured using a dew point hygrometer.
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The height o f the lower measurement varied according to canopy height but was in 
the range 0.4 m to 0.8 m above ground. The top measurement height remained at 
2.13 m above ground throughout the measurement period.
In addition, measurements o f net radiation, solar radiation and rainfall were made 
using a Q-7 Net Radiometer, SP1110 Pyranometer sensor and an ARG100 tipping 
bucket raingauge (all supplied via Campbell Scientific, Loughborough, UK). A 
potentiometer wind vane (W200P Vector Instruments Ltd, Clywd, UK) was used to 
record wind direction (threshold 0.6 m s '1). Soil temperature was measured at 2 cm 
and 10 cm depth at two different locations in the soil using TCAV thermocouples 
(Campbell Scientific, Loughborough, UK). Soil heat flux was measured at 10 cm 
depth at two locations using soil heat flux plates (Campbell Scientific, 
Loughborough, UK). All the above parameters were logged with a 15 min averaging 
period on a logger (21x, Campbell Scientific, Loughborough, UK).
L ea f wetness
Leaf wetness (LW) has commonly been assessed using a wetness sensing grid as a 
surrogate for the leaf surface. An example o f such a wetness sensor is described by 
Wie et al. (1995) and is provided by Campbell Scientific (Loughborough, UK). This 
sensor consists o f a circuit board with interlaced gold-plated copper fingers. Wetness 
on the sensor lowers the resistance between the fingers and this change is recorded 
via a datalogger, the wetness sensing grid is 63 mm by 76 mm.
An alternative type o f wetness sensor has been developed by Burkhardt and Gerchau 
(1994). This wetness sensor consists o f gold-plated clip electrodes, which clip 
directly onto leaves, the conductivity between a pair o f electrodes is measured and 
this increases with leaf wetness. The clip electrodes are 25 mm by 1 mm. There is a 
clear advantage in this type of sensor in that the measurement is made directly at the 
leaf surface and not on a surrogate for the leaf surface. By contrast, wetness sensing 
grids measure the significant events of wetness, such as precipitation, but they are 
not good at measuring dew or other micro-processes that have been observed using 
the leaf surface clip sensors, such as recondensation o f transpired water vapour to 
salts on the leaf surface leading to leaf wetness (Burkhardt et al., 1999).
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As a consequence o f the importance o f leaf wetness in ammonia exchange, it was 
decided to employ the wetness sensing clips at the field site. Six clip sensors as 
described by Burkhardt and Gerchau (1994) were used in parallel. It is necessary to 
have replicate clip sensors due to the inhomogeneous nature o f leaf wetness (leaves 
next to each other can experience different levels o f wetness due to exposure to rain, 
sunlight and other meteorological parameters). A 6 V (AC, 2 kHz) voltage was 
applied and the conductivity was continuously logged by a datalogger (2 1 x, 
Campbell Scientific, Loughborough, UK). The clips were placed near the top o f the 
canopy and moved every week or so to fresh leaves. These measurements o f leaf 
wetness at Easter Bush are reported by Klemm et al. (2002) and their relationship 
with RH  and precipitation explored, along with three other sites across Europe.
3.4 Vegetation measurements
To aid both interpretation and modelling o f the ammonia exchange, an extensive 
suite o f vegetation and soil parameters were measured in addition to the standard 
meteorological parameters. Measurements were carried out on both south and north 
fields to assess any differences between the fields and also because the timing of 
management activities was not always identical on the two fields.
3.4.1 L e a f  area index and biom ass harvesting
Leaf Area Index (LAI) is a measure o f the leaf area o f a canopy per unit ground area. 
It can either by given as single-sided (only the area o f one side of the leaf 
considered) or double-sided (both sides o f the leaf considered). The LAI of a plant 
governs its photosynthetic potential, its interception of light and rain and also the 
surface available for gas exchange. Consequently, the seasonal variation in LAI is of 
great interest to modellers o f gas exchange and can be incorporated into 
parameterisations. Measurements o f the LAI of the grass canopy at Easter Bush were 
conducted monthly or more frequently around periods o f cutting.
On each sample date, five quadrats of 0.25 m by 0.25 m were harvested and the total 
fresh weight (f.w.) determined. The leaf area of a sub-sample o f known fresh weight 
was determined using a leaf area meter. The total leaf area was computed from the 
ratio o f the fresh weights o f the full sample and sub-sample. In addition, a second
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sub-sample with defined fresh weight was taken and dried in an oven at 70 °C for 24 
hours until constant weight and reweighed. The amount o f biomass harvested (g dry 
matter m ' ) was determined from the ratio of fresh to dry weight and the total fresh 
weight harvested. The mean and range of canopy height was measured in the two 
fields approximately every four days using a tape measure. This was a quick 
measurement to make and is a useful record o f canopy growth and productivity.
3.4.2 Total fo lia r  nitrogen and carbon content
Total foliar nitrogen (N) and carbon (C) content were measured at monthly intervals 
or more frequently close to cutting and fertilising events. Leaf samples were taken 
either at the same time as the quadrats used for LAI determination or else leaves 
were sampled from five random locations in each field. A sub-sample of defined 
fresh weight was taken, the leaves were washed in de-ionised water and dried at 70 
°C for 24 hours to determine the water content. A smaller subsample o f the dry grass 
(dry weight approximately 10 g) was ground in a hammer mill (Culatti, Switzerland) 
to a fine powder. The ground sample was sent to CEH-Merlewood Chemical 
Analysis Laboratory for analysis o f total N and C content. N content was determined 
by acid digestion and the indophenol blue method (Allen, 1989) and C content was 
determined by a Carlo Erba type elemental analyser.
3.4.3 Foliar am m onium  content
Total foliar NH4+ concentration ([NH4+]f0i) was measured fortnightly and more 
frequently at the time o f management events in 1999 and also measured in 1998 by 
Loubet et al. (2002). Although it is strictly the ratio o f apoplastic NH4+ concentration 
([NH4+]apo) and hydronium concentration [H+]apo which governs the stomatal 
compensation point and consequently the emission potential o f the vegetation, a 
close link between [NH4+]f0i and [NH4+]apohas been reported (Hill et al., 2001). As 
the bioassay for [NH4+]f0i is less labour intensive than that for [NH4+]apo, it is of 
interest to measure this parameter and investigate its dynamics in relation to NH3 
exchange and N supply.
Leaf samples were obtained from five locations selected randomly in both fields. The 
samples were washed with de-ionised water, frozen with liquid nitrogen and then
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ground using a ceramic pestle and mortar. Three replicate sub-samples o f the ground 
leaves were taken and their exact mass recorded (approximately 0.1 g). The ground 
samples were placed in a 1.5 ml Eppendorf tube and 1 ml o f de-ionised water added. 
The samples were frozen and stored in a freezer at -18°C, prior to analysis at a later 
date.
On the day o f analysis the samples were defrosted and centrifuged for 4 minutes at 
15,703 g, 15,300 rpm and 4°C. The supernatant was filtered through a small cotton 
wool plug in a pipette tip to remove any remaining plant tissues. The NH4+ content of 
this filtered solution ([NH4+]S0], pg  NH4+ g"1) was measured using an AMmonium 
Flow Injection Analyser (AMFIA, ECN, The Netherlands). The foliar NH4+ 
concentration ([NH4+]f0i, /¿mol NH4+ g(leaf f.w .)'1) was found as:
N H 4
fol N H / so,x ^ - (3-D
m fw +  -^NH4
where MN H 4 is the molecular mass of ammonium (g m o f1), m\ is the mass of de­
ionised water added to the plant material ( 1  g) and mfw is the mass o f ground leaves 
(g), respectively (Hill, 1999; Loubet et al., 2002).
3.4.4 Apoplastic am m onium  and p H
The apoplastic NH4+ concentration ([NH4+]apo) and apoplastic pH was measured at 
Easter Bush from May 1998 to October 1998 by Loubet et al. (2002). The full 
experimental details are given by Loubet et al. (2002) and also by Hill (1999), based 
on the vacuum infiltration technique of Husted and Schjoerring (1995a). The leaves 
were infiltrated with indigo carmine solution (50 pM) using a 50 ml syringe to 
repeatedly create vacuum and pressure. After infiltration, the leaves were placed in a 
centrifuge at 500g for 10 minutes at 4°C and the extracted solution was collected.
The NH4+ concentration in the extracted solution was measured with the AMFIA and 
the pH was measured using an InLab 423, semi-micro pH electrode (Mettler Toledo, 
Udorf, Switzerland).
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3.4.5 Root biom ass distribution
The amount o f plant uptake from different soil layers is determined by the root 
distribution o f an ecosystem. Ecosystem models, which model nutrient uptake from 
different soil layers, need a measurement or estimation o f the root distribution. The 
vertical root distribution at Easter Bush was measured at the start o f the measurement 
period in four replicate soil columns from each field. The soil column was divided 
into three depths (0-5 cm, 5-10 cm and 10-15 cm). The roots were separated from the 
soil, washed and dried at 70 °C for 24 hours and weighed. The fraction of roots in 
each of these layers compared with the total was calculated.
3.5 Soil measurements
The soil is a crucial component of the biosphere-atmosphere interaction and often 
gets overlooked when making measurements of NH 3 exchange. However, a full suite 
o f soil measurements was conducted to accompany the measurements o f NH 3 
exchange presented here. Some soil properties change on long time-scales and so can 
be characterised by a measurement at one point in time over the duration of the field 
measurements (e.g. soil type and texture). Other parameters, such as mineral N 
supply, vary on much shorter timescales as a result o f the competing processes of 
fertilisation, plant uptake, mineralisation, immobilisation, leaching losses and 
gaseous losses. A programme of regular measurements was introduced to 
characterise the dynamics o f these soil properties.
3.5.1 Soil p ro file  description
A  soil pit was dug at Easter Bush on 12/11/02 (Fig. 3.6) and a soil profile description 
conducted following Hodgson (1974) (R. Rees, Pers. Comm.) (Table 3.4). The soil 
type at the field site is imperfectly drained Macmerry soil series, Rowanhill soil 
association.
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Table 3.4. Easier Bush soil profile description following Hodgson (1974) (R. Rees, Pers. Comm.).
Horizon Depth (m) Description
A 1(g) 0-0.18 Brown (5 YR 3/2) occasional mottling; sandy loam, coarse crumb, 
friable few medium rounded stones; abundant fine roots; gradual 
change into:
A2(g) 0.18-0.31 Brown (7.5 YR 3/2) mottling, subangular blocky; firm; roots many 
fine; stones small-medium, common; clear change into:
B l(g) 0.32-0.79 Grey-Brown (10 YR 4/2) abundant mottling (7.5 YR 6/1 -  10 YR 
6/8); sandy clay loam, poor blocky; plastic; stones moderate, 
small-large rounded-subangular; few fine roots; gradual change 
into:
B2(g) 0.79-1.00 Grey-Brown (7.5 YR 4/3) strongly mottled (7.5 YR 5/8); clay 
loam; poor blocky; plastic; stones moderate small-large rounded -  
subangular; very few fine roots; water tables at 85 cm.
Figure 3.6. Soil pit at Easter Bush showing soil profile, 12/11/02.
3.5.2 Soil texture and  structure
Soil consists o f differently sized particles and the particle size distribution within the 
soil has a strong influence on both chemical and physical properties o f the soil 
(Rowell, 1994). In particular, hydrological properties o f the soil (such as drainage, 
the ability to hold water and nutrients for plant use) vary considerably with the soil 
particle size. The classification system, which is most commonly used for soil 
particle size, is shown in Table 3.5. Soils are classified according to their particle size
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distribution into different textural classes, the UK textural classification is given by 
Rowell (1994).
Table 3.5. Soil particle size classification (from Rowell, 1994).
Description Size
Stones > 2  mm
Coarse sand 200 pm -  2 mm
Fine sand 60- 200 pm*
Silt 2- 60 pm*
Clay < 2 pm
*The European system generally uses 60 pm as the limit between fine sand and silt, although 
occasionally 20 pm is used.
The particle size distribution was determined for both fields at Easter Bush in two 
soil layers (0.0 m -  0.15 m and 0.15 m -  0.3 m). The analysis was conducted at 
CEH-Merlewood Chemical Analysis Laboratory using the sieving and sedimentation 
method.
3.5.3 B ulk  density
The bulk density o f the soil is the mass o f oven-dried soil present in a given volume
t  . .  .
(g dry soil cm’ ). It is a key parameter describing the physical nature o f a soil. Many 
other physical properties of the soil (in particular those concerning water availability 
and transport) can be estimated from the soil particle size distribution and bulk 
density.
A profile o f bulk density was determined in both o f the Easter Bush fields by using a 
rectangular sampling device (0.05 m x 0.05 m x 0.05 m) to sample soil o f a known 
volume. The bulk density was determined for 4 layers of 0 m to 0.05 m, 0.05 m to 
0.1 m, 0.1 m to 0.15 m and 0.15 m to 0.20 m. The soil was dried for 24 hrs at 105 °C 
and then weighed.
3.5.4 Soil organic nitrogen and carbon content
Organic matter content is a slow changing property o f a soil. Consequently organic C 
and organic N content were determined once in the duration o f the measurements 
rather than as a repeated measurement. Organic C content was measured by the 
CEH-Merlewood Chemical Analysis Laboratory using the Tinsley method (Allen, 
1989). Total N content was also determined at CEH-Merlewood by H2O2 digestion
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followed by colorimetry (Allen, 1989). Organic N content was determined from the 
difference between total N and measured mineral NH4+ and NO 3 '.
3.5.5 Soil am m onium  and  nitrate content
Measurements o f available ammonium (NH4+) and nitrate (NO3') in the soil and soil 
moisture content were conducted fortnightly or more frequently before and after 
cutting and fertilising events. Five replicate soil cores, separated into two layers (0- 
0.15 m and 0.15-0.30 m), were taken in each o f the south and north field along a 
horizontal transect from the measurement equipment. The samples were bulked and a 
sub-sample (approximately 1 0 0  g) was analysed for moisture content (percentage 
weight loss on drying for 24 hrs at 105 °C). Another sub-sample was frozen and 
extracted for available NH4+ and NO3' at a later date. The extraction process was as 
follows: 15 g o f soil was placed in a 500 ml flask with 50 ml o f 1.0 M KC1 solution, 
the flasks were shaken in a mechanical shaker for approximately 30 minutes at 120 
rpm, after shaking, the soil solutions were filtered using Whatman 42, 185 mm 
diameter filters. This process was repeated for reference soil samples and blank KC1 
solution. The extracted soil solutions were frozen and sent to CEH-Merlewood 
Chemical Analysis Laboratory where they were analysed for soil available NH4+ and 
NO3' by colorimetry (Henriksen and Selmer-Olsen, 1970; Crooke and Simpson, 
1971).
3.6 Record of management activities
The Easter Bush grassland is intensively-managed for silage and for grazing. As a 
result o f this there are a variety o f agricultural management activities that occur. To 
fully characterise the site it is necessary to have both detailed data on management 
activities during the measurement period but also on the preceding 1 0  years, as the 
history o f a grassland has a strong influence on its present status. A record of 
management activities was obtained for these timescales from the farm manager. In 
addition to the record of management activities a record o f grazing was kept during 
grazing periods. This included information on the number and type o f animals and 
the approximate duration they were present in the field.
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Chapter 4: Measurements at Easter Bush: site 
characterisation
4.1 Introduction
Measurements o f micrometeorological parameters and site characteristics are 
required at a site in order to calculate and interpret fluxes and concentrations o f a 
trace gas. For ammonia, it is also beneficial to characterise the foliar and soil N 
supply and to have information on external influences at a site such as N fertilisation. 
This chapter provides details o f the site features such as fetch, flux footprint and 
climatology, it also presents results on inter-comparisons that were conducted of key 
parameters and lists the management activities affecting the site. The chapter also 
includes results o f the accompanying vegetation and soil measurements.
4.2 Climatology and micrometeorology
4.2.1 Inter-com parisons o f  m icrom eteorological param eters
Having more than one independent estimate o f a measured parameter improves the 
robustness of the measurements and highlights periods of measurement problems. 
Inter-comparisons between different techniques or the same technique at different 
measurement locations, were conducted for the following micrometeorological 
parameters.
Turbulence and sensible heat flux
The meteorological parameters, u*, u( 1 m), and //w e re  determined by both the eddy 
covariance and aerodynamic gradient method (Section 2.2) and the two methods 
were compared to check data quality. Figs. 4.1 and 4.2 show the comparison of the 
two methods for u* and / / f o r  the period 24-27/7/98. These results show close 
agreement, which gives confidence in the measurements. Overall, the value o f u* 
obtained by eddy covariance (u*ec) was slightly larger than the value determined by 
the aerodynamic gradient method (w*ag). Figure 4.3 shows the comparison for 
January 1999 (u*ag = 0.85«*ec-0.003, R2 = 0.85, n = 1786). The regression for the 
entire dataset is: w*ag = 0.78w*ec +0.052, R2 = 0.69, n = 26,726. Figure 4.4 shows
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similar results for H. In practice, values o f u*, u{ 1 m) and H  from the eddy 
covariance method were used for further analysis for the majority of the time with 
estimates from the aerodynamic method used to fill any periods o f missing data in 
the eddy covariance series.
Figure 4.1. Comparison o f friction velocity («*) measured with the eddy covariance method and the 
aerodynamic gradient method (see section 3.3.2 for details o f instrumentation). Data were filtered 
according to section 4.2.3.
Figure 4.2. Comparison o f sensible heat flux (H) measured with the eddy covariance method and the 
aerodynamic gradient method. Data were filtered according to section 4.2.3.
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Figure 4.3. Comparison o f u* measured with the eddy covariance method (w*ec) against u. from the 
aerodynamic gradient method (w»ag) for the period January 1999.
Figure 4.4. Comparison o f sensible heat flux measured with the eddy covariance method ( / /ec) against 
the aerodynamic gradient method ( //ag) for the period September 1998.
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Wind direction
Wind direction was recorded at the field site by both the ultrasonic anemometer and 
by a wind vane located on the wind profile mast. As part o f the data assessment, the 
wind direction from these two sources was compared along with a third estimate 
from a wind vane at another monitoring cabin located 400 m South from the field site 
(Fig. 4.5).
400
01 /07 /1998  06 /07 /1998  11/07 /1998  16/07 /1998  21 /07 /1998
Figure 4.5. Comparison o f wind direction measured at the field site with a sonic anemometer against 
wind direction from wind vanes at the field site (wind vane-1) and from an additional site, 400 m 
away from the field site in a South direction (wind vane-2). Data only shown for « ( 2 m ) >  0.6 m s '1.
As wind direction is a vector it is not useful to look at a regression o f one wind 
direction against another, instead the “scalar” product o f two wind directions can be 
examined. The scalar product is defined for two vectors X and Y 
as: X  ■ Y = |y | 7 | c o s <9 , where 0 is the angle between the vectors in radians. Fig. 4.6
shows the cosine of the angle (9) between the different estimates o f wind direction 
for the same period as shown in Fig. 4.5. For two identical wind directions cos 0 = 1, 
for two perpendicular wind directions, cos 0  = 0  and for two anti-parallel wind 
directions cos 9 = -1. For the period shown in Fig. 4.6, cos 9 is mostly > 0.95, this 
corresponds to a difference in wind direction o f 18°. The few occurrences where cos 
9 is not close to 1 indicate periods o f disagreement and possible problems with 
sensors. Analysis o f cos 9 was conducted for the whole measurement period and for 
the majority o f the time the sonic anemometer estimate was used. The main 
exception was during the period 9/6/99-30/6/99 when the sonic wind direction
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appeared to be shifted by approximately 40° compared with both wind vane 
estimates (Fig. 4.7). This was possibly as a result o f being incorrectly located after 
being placed back in the field.
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Figure 4.6. Time course o f the cosine o f the angle (in radians) between different estimates of wind 






0 .60 - 
0 .40 - 
0.20  - 
0 .00-
- 0.20  - 
-0.40 - 
-0 .60 - 
-0 .80 - 
- 1.00






a  Sonic-wind vane-2
30/05 /1999  04/06 /1999  09/06 /1999  14/06/1999 19/06/1999 24/06/1999 29/06/1999
Figure 4.7. Time course o f  the cosine of the angle (in radians) between different estimates o f wind 
direction for Easter Bush for 1/6-30/6/1998.
Rainfall
The importance o f wetness in determining NH 3 exchange has been discussed in 
Section 1.3. In addition to measuring the wetness directly on the leaves, precipitation 
was also measured with a tipping bucket rain gauge at the field site. In order to 
establish the reliability o f the rainfall measurement and also to fill in any 
measurement gaps, the aggregated monthly rainfall from the field site was compared 
with rainfall data from one of the UK Meteorological Office land surface observation
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stations nearby (Fig. 4.8). The observation station was at Bush House, which is 
located 750 m away from Easter Bush field site in a SSE direction at (3°12’ W, 55° 














Figure 4.8. Comparison o f monthly total rainfall measured at the field site against rainfall data from 
one o f the UK Meteorological Office land surface observation stations (Bush House) for the period 
May 1998-March 1999. * Data for December 1998 only covers the period 1/12/98-21/12/98 and data 
for January 1999 only covers the period 13/1/99-31/1/99 due to a power failure over this period at the 
field site which caused logged data to be lost.
Fig. 4.8. shows close agreement between the field site data and the Met. Office data. 
The rainfall over the period o f comparison (1/5/98-31/3/99, but excluding a large 
period o f no data due to power failures, 21/12/98-13/1/99) was 876 mm (field site) 
and 937 mm (Met. Office station) a difference o f 7%. The Met. Office data was used 
to complete any data gaps at the field site (in particular 21/12/98-13/1/99) and this 
resulted in an annual rainfall for 1/5/98-30/4/99 at the field site o f 1013 mm.
The above data comparisons demonstrated that the majority o f the data collected was 
consistent and of a sufficient quality to calculate and interpret fluxes. The 
comparisons and the ability to obtain data from a number o f neighbouring sites 
helped to fill in data on the few occasions when data were either unavailable or o f 
uncertain quality.
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4.2.2 Site characterization  
Fetch and wind frequency distribution
The dimensions o f the field site and the location o f the measurement equipment are 
shown in Fig. 3.1. Fig. 4.9a shows the fetch in more detail as a function o f wind 
direction. This indicates that the fetch was greater than 175 m for wind directions 
180°-305° and greater than 200 m for wind directions 315°-55°.
Figure 4.9. a) Fetch (in m) at Easter Bush field site shown as a function o f wind direction, b) Wind 
direction frequency distribution (as % o f time) for Easter Bush for the full measurement period 
1/5/98-1/12/99.
The fence-line was orientated at 310° to 140°. The fetch was reduced to 5 m along 
the fence-line due to obstructions either by other measurement equipment placed 
along the fence-line or due to the mobile laboratory, which was in the direction 140°, 
10 m from the ammonia analyser. Fig. 4.9b shows the frequency distribution o f wind 
direction at Easter Bush for the full measurement period (1/5/1998-1/12/1999) and 
demonstrates that the wind direction was very rarely from along the fence-line (only
1.5 % of the time). Therefore the lack o f fetch in these directions did not result in a 
large loss o f data. The wind was from the S field (145°-305°) 69.4 % o f the time and 
from the N field (315°-135°) 27.1 % of the time. The remainder o f the time (2.0 %), 
«(2.1 m) < 0.5 m s '1. The wind direction cannot be measured accurately with a wind 
vane at these low windspeeds and so the wind direction from these periods was not 
included in the wind frequency analysis. Examining Fig. 4.9b shows that not only 
was the wind from the S field for the majority o f the time, it was also from a fairly
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narrow sector for most o f this time (53% of the time the wind was in the sector 195°- 
265°).
Flux footprint
Section 2.3.1 discussed the concept o f the “footprint” o f a flux measurement as the 
upwind area influencing that flux measurement. A quantitative measure o f this 
footprint is the cumulative normalized footprint (CNF), which is the contribution to 
the measured flux as a function o f the upwind distance or fetch. Fig. 4.10 presents 
the CNF for three separate measurement periods in neutral, stable and unstable 
conditions.
Fetch (m)
Figure 4.10. Cumulative normalized footprint (CNF) at Easter Bush for three runs: neutral (L = oc), 
stable (L = +5) and unstable (L = -5) conditions (all with u. = 0.2 m s’ 1, z0 = 20 mm, z-d = 1 m).
The average CNF for the whole measurement period (1/5/98-30/11/99) was 8 6 % 
whilst the median CNF was 91%. For 82% of the time the CNF was > 65%. This 
provides a check that the available fetch is sufficient for the measurement o f flux in 
any one period. The large proportion of time for which the fetch is sufficient (82%) 
reflects the generally windy nature of this site.
4.2.3 F iltering  procedures
The footprint analysis provides a quantitative assessment o f the sufficiency o f the 
available fetch for each individual flux measurement, depending on the wind 
direction and turbulence conditions at that time. The CNF value was used as part of a
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wider set o f criteria for filtering the flux measurements. The full meteorological 
criteria that were used to establish periods when the flux calculations were less 
certain were as follows: i) CNF< 65%, ii) | L | < 2 m and iii) u (1 m) < 0.5 m s '1. The 
results o f applying these meteorological criteria to the measurement data are shown 
in Table 4.1 and Table 4.2.
Table 4.1. Results o f applying filter criteria to the turbulence dataset
Filter
No.
Filter criteria No. o f valid u. data 
points remaining 
(15 min averages)
% data coverage of 
remaining data after 
applying critera
1 Sensor malfunctioning & 
power cuts
47,747 91.3%
2 Obstructed wind sector a 46,799 89.5%
3 CNF < 65% 43,033 82.3%
4 IL | < 2 m 42,242 80.8%
5 a ( lm ) <  0.5 m s '1 41,605 79.5%
aData removed for wind directions 130°-150° and 305°-315°, this is the direction of the fenceline 
where flux measurements are obstructed by the mobile laboratory and other equipment.
Table 4.2. Results of applying filter criteria to the NH3 flux dataset
Filter
No.
Filter criteria no of valid NH3 flux 
data points remaining 
( 15 min averages)
% data coverage of 
remaining data after 
applying critera
1 Analyser malfunctioning and 
periods o f calibration
37,101 70.9%
2 Obstructed wind sec to ra 36,415 69.6%
3 CNF < 65% 33,710 64.5%
4 IL \ < 2 m 33,092 63.3%
5 u( 1 m) < 0.5 m s '1 32,576 62.3%
“Data removed for wind directions 130°-150° and 305°-315°, this is the direction o f the fenceline 
where flux measurements are obstructed by the mobile laboratory and other equipment.
The data coverage is reduced from 91.3% to 79.5% for the meteorological data after 
applying these criteria and from 70.9% to 62.3% for the NH 3 flux data. The reason 
for the lower data coverage for the NH 3 data is that the AMANDA analyser 
malfunctioned more frequently than the meteorological measuring equipment. The 
period 15/12/98 16:30- 13/1/99 10:00 was not included in the calculation of data 
coverage as the equipment was switched off at this time.
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Figure 4.11. Mean, maximum and minimum daily temperatures, measured at 2.13 m at Easter Bush 
field site.
The pattern o f monthly solar and net radiation is shown in Fig. 4.12. This shows 
maximum values o f radiation in May, June and July, while net radiation is negative 
for November-February. Maximum monthly temperatures are observed in July, 
August and September.
The seasonal variability in air temperature, radiation, rainfall and windspeed at 
Easter Bush field site is shown in Figs. 4.11, 4.12 and 4.13. Mean daily temperatures 
varied between -1 to 21 °C with a mean annual temperature (1/5/98-30/4/99) of 9.4 
°C. Maximum temperatures rarely rose above 25 °C in summer. The minimum 
temperature falls below freezing on occasions in months October-April.
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Figure 4.12. Mean monthly air temp (measured at 2.13 m) and monthly sums o f solar and net 
radiation.
Monthly rainfall is shown in Fig. 4.13. This indicates a fairly even distribution of 
rainfall with only the months August and September 1999 being substantially drier. 
As stated in Section 4.2.1, the annual rainfall for 1/5/98-30/4/99 at the field site was 
1013 mm. The 1961-1990 average rainfall for the Royal Botanic Gardens in the 
centre o f Edinburgh (nearest available certified data source, 26 m a.s.l.) is 638 mm. 
Mean monthly wind speeds at the field site are generally above 3 m s"1 (Fig. 4.13).
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Figure 4.13. Monthly rainfall and mean monthly wind speed. Wind speed was measured with the 
sonic anemometer at 2.1 m except for May, July, August and September 1999 when the sonic 
anemometer was unavailable and u{ 1 m) from the wind profile measurements was used to calculate 
the monthly mean instead.
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Energy Balance
The fluxes o f net radiation (Rn), sensible heat (H), latent heat (LE) and soil heat (G) 
are shown in Fig. 4.14 for an example period (8/7/98-12/7/98). Generally, H  and LE  















Figure 4.14. Net Radiation (/?„), Sensible Heat Flux (//), Latent Heat Flux (LE) and Soil Heat Flux 
(G) for the period 9/7/98-12/7/98.
The ability to close the energy balance, i.e. that the available energy reaching the 
surface (Rn -  G) is equivalent to the turbulent fluxes of energy leaving the surface 
(H + LE), is a test of the performance of micrometeorological measurements. The 
degree o f energy balance closure for a period in June 1998 is shown in Fig. 4.15. The 
turbulent fluxes are less than the available energy received at the surface. It is 
possible that Rn was overestimated or that some flux loss occurred due to the 
averaging time o f 15 minutes.
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Figure 4.15. Energy Balance Closure: the relationship between available energy (Net Radiation (Rn) -  
Soil Heat Flux (G)) and turbulent fluxes o f energy (Sensible Heat Flux (H) + Latent Heat Flux (LE)) 
for the period 1/6/98-12/6/98.
4.3 Field management information
4.3.1 R ecord  o f  fie ld  m anagem ent activities
Details of the management activities, which occurred during the measurement period 
at Easter Bush, are recorded in Table 4.3 and details of the history o f the site over the 
preceding period are given in Table 4.4. The information was obtained from the farm 
manager. The fields are usually cut twice for silage and receive between 270-320 kg 
N ha ' 1 yr'1. In 1998 both fields received 273 kg N ha ' 1 and in 1999 the S field 
received 312 kg N ha '1, while the N field received 260 kg N ha '1. In July 1999 the 
grass in the N field was not considered o f sufficient quality for silage due to previous 
wet weather and so it did not receive a second cut, but was grazed by heifers from 
28/7/99.
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Table 4.3. Management details at Easter Bush field site for the duration o f the measurements
Event N field: Date N supply 
kg N h a '1
S field: Date N supply 
kg N ha"1
1998
Fertilising 28/3/98 104“ 28/3/98 104“
Cutting 5/6/98 08:00-11:00 5/6/98 08:00-11:00
Removing grass 13/6/98 09:00-11:30 8/6/98 09:30-11:00
Fertilising 13/6/98 15:00-16:00 104“ 9/6/98 10:20-11:30 104“
Cutting 31/7/98 14:35-16:35 28/7/98 18:45-20:15
Removing grass 2/8/98 15:45-17:15 2/8/98 12:00-13:30
Fertilising 5/8/9 10:20-11:30 6 5 “ 5/8/98 15:20-16:30 6 5 “
Grazing started 10/8/ 98 10/8/98
Total N supply 273 273
1999
Fertilising 4/4/99 pm 117“ 4/4/99 pm 117“
Cutting 2/6/99 2/6/99
Removing grass 9/6/99 9/6/99
Fertilising 11/6/99 16:00 9 1 “ 11/6/99 16:00 9 1 “
Fertilising 18/7/99 5 2 b 18/7/99 5 2 b
Cutting N field not cut 28/7/99 13:00-14:10
Fertilising 2/8/99 5 2 b
Grazing started 28/7/99 9/8/99
Total N supply 260 312
Urea application 
for testing REA
Only in S field 12/11/99 10:30-10:45 47c
“Fertiliser applied: Kemira N-P-K (26-5-10), total N: 26% 
fe r tilise r  applied: Nitram ( N E I 4 N O 3 ) ,  total N: 34.5% 
fe rtilise r  applied: Urea ( C O ( N H 2) 2) , total N: 47%
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Table 4.4. Management details at Easter Bush over a longer period
N field and S field
Age o f grassland Approximately 15 years
Details o f crops in the 2-3 years 
before field became grassland
Crop for 1 year and grass before that
Details o f grassland management Similar to measurement years, silage for first part o f the year
over the years followed by grazing afterwards
Number o f cuts, yield per cut or 2 cuts per year
per year. 25-30 t ha"1 y r'1 silage of 25-30% dry matter 
usually approx. 15 t ha"1 yr"1 in the 1st cut 
10 t ha"1 yr"1 in the 2nd cut
Fertilisation details over the last Similar every year
10 years. 1) Kemira N-P-K compound fertiliser in late March/early April,
Total kg N h a '1 y r '1 usually about 100 kg N h a '1
2) Kemira N-P-K compound fertiliser after 1st cut, usually about 
100 kg N ha"1
3) Kemira N-P-K compound fertiliser after 2nd cut, usually about 
70 kg N ha"1
4) Possibly an extra small boost o f NH4N 0 3 in Aug. o f approx 
50 kg N ha"1 (it is thought unnecessary to apply P and K at this 
point).
4.3.2 A nim al num bers
The two fields that form the measurement site are part of a wider network o f fields 
owned by Easter Bush farm (see Fig. 3.2). The measurement fields were grazed, after 
cutting for silage, in rotation with the other farm fields. Usually dairy cattle are put 
on the fields soon after the silage cut to get the new-growth, richer grass, and then 
sheep are grazed later. A record o f the grazing was kept and this is shown in Figs. 
4.16-4.19 for the two fields and the two field seasons. This record can only give an 
indication o f the grazing numbers and pattern as observations are not available for 
days when the field site was not visited, e.g. at the weekends. In 1998 the dairy herd 
(approx. 50 cows) grazed the S field for the latter half o f August and then were 
moved to the N field (Figs. 4.16 - 4.17). The dairy herd were usually on the field 
between 6:30-14:30 GMT then kept near the farm overnight. Grazing by sheep 
continued from August 1998-January 1999 and then ceased until after the silage cuts 
in summer 1999. In 1999, the N field was grazed by heifers from 28th July until the
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end of August and the dairy herd grazed the N field in September and the S field in 
October (Figs. 4.18 - 4.19).
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Figure 4.16. Animal numbers for the S field after the 2nd cut in 1998 and Jan 1999. The value given is 
an average number for each day. The duration o f dairy cattle on the field site was usually 07:00-14:00 
GMT each day. The duration of sheep was more random due to gates being left open between the N 
and S field and between other fields. The values given are for positive observations only, observations 
are not available for days when the field site was not visited, e.g. at the weekends.
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Figure 4.17. Animal numbers for the N field after the 2nd cut in 1998 and Jan 1999.
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Figure 4.19. Animal numbers for the N field in 1999.
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4.4 Vegetation measurements
4.4.1 Sw ard productivity
Measurements o f the mean, minimum and maximum canopy height were taken every 
few days throughout the measurement period. The mean values for the S field are 
shown in Fig. 4.20. Leaf Area Index was measured at monthly periods or more 
frequently at times o f cutting. The results for 1999 are given in Fig. 4.21.
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Figure 4.21. Leaf Area Index (LAI) for the two fields shown alongside mean canopy height.
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4.4.2 Total fo lia r  nitrogen and carbon content
Total foliar nitrogen and carbon content is shown in Fig. 4.22 for the N and S fields 
for the period 1/4/99-2/9/99. It can be seen that the S field has a consistently higher 
N content than the N field but that the seasonal variation is similar for both fields. 
After the second fertilisation on the S field (2/8/99), when the N field is not fertilised, 
the N content increases by a greater amount on the S field than on the N field, (ratio 
o fN  content, S field: N field, changes from 1.23 on 27/7/99 to 1.83 on 11/8/99). The 
C content of both fields is similar and does not demonstrate a large seasonal pattern.
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F igure 4.22. Total foliar nitrogen and carbon content for both fields during the period 1/4/99-2/9/99.
4.4.3 Apoplastic am m onium  and p H  and fo lia r  ammonium
The apoplastic NH4+ concentration ([NH4+]ap0) and total foliar ammonium 
concentration ([NH4+]f0 i) for Lolium perenne at Easter Bush from May 1998 to 
October 1998 are presented in Figs. 4.23 and 4.24, respectively. These measurements 
were conducted by Dr. Benjamin Loubet and are reported by Loubet et al. (2002)
(see Appendix Al).  The foliar NH4+ measurements include measurements made on 
the same leaves used to measure apoplastic NH4+ (green leaves) and also segments of 
older leaves (yellow-green leaves), which were not analysed for aploplastic NH4+
(see Loubet et al., 2002).
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Figure 4.23. Apoplastic ammonium concentration for Loliwn perenne at Easter Bush S field during 
the period 25/5/98-2/10/98 (from Loubet et al., 2002). Vertical lines indicate cutting (grey lines) and 
fertilisation (black lines). For dates and amounts o f fertiliser input see Table 4.3.
F igure 4.24. Total foliar ammonium content for Lolium perenne at Easter Bush S field during the 
period 25/5/98-2/10/98 (from Loubet et al., 2002). Vertical lines indicate cutting (grey lines) and 
fertilisation (black lines). For dates and amounts o f fertiliser input see Table 4.3.
Significant variation is observed in both apoplastic and foliar NH4+ concentration
during the season. However, significant changes in apoplastic NH4+ are only
observed after the fertilisation events, although there may be some evidence of a
small increase immediately after cutting. Foliar NH4+, does however, increase
substantially after the second cut and before the fertilisation. Both apoplastic and
foliar NH4+ concentration are larger after the second cut and fertilisation than after
the first.
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4.5 Soil measurements
4.5.1 O n e-o ff m easurem ents 
Soil texture
The soil particle size distribution was determined at Easter Bush for two soil depths 
in both the S and N field, the results are given in Table 4.5. The soil is classified as a 
sandy clay loam according to these results.
Table 4.5. Easter Bush soil particle size distribution
Soil layer 
depth
Clay (%) Silt (%) Sand (fine) (%) 
20- 200 pm
Sand (coarse) (%) 
200 pm -  2 mm
S field
0 - 0.15 m 21 17 37 17
0 .1 5 -0 .3  m 23 16 36 17
N field
0 -0 .1 5  m 19 20 38 20
0 .1 5 -0 .3  m 20 15 38 20
Bulk density
The bulk density at Easter Bush was determined for the S field at four soil depths. 
The results are given in Table 4.6.
Table 4.6. Easter Bush soil bulk density
Soil layer Bulk density
depth (g dry soil cm'3)
0 - 0.05 m 0.95
0 .0 5 -0 .1 m 1.22
0 .1 -0 .1 5  m 1.13
0 .1 5 -0 .2  m 1.03
Soil organic nitrogen and carbon
The soil organic nitrogen and carbon content was determined at Easter Bush for two 
soil depths in both the S and N field, the results are given in Table 4.7.
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Table 4.7. Easter Bush total N and organic C
Soil layer depth Total N (%) Organic C (%)
S field
0 -0 .1 5  m 0.23 3.3
0 .1 5 -0 .3  m 0.20 3.2
N field
0 - 0.15 m 0.23 3.1
0 .1 5 -0 .3  m 0.19 3.5
4.5.2 Soil am m onium  and nitrate
Measurements o f available soil ammonium (N H /) and nitrate (NO3 ') in the S and N 
field were conducted fortnightly and more frequently after management events. 
These data are shown in Figs. 4.25 - 4.28 for the whole measurement period.
Figure 4.25. Available soil NH4+ at two depths for 1998, data is averaged for the N and S field. 
Timing o f cutting, fertilisation and grazing are indicated by vertical lines.









Figure 4.26. Available soil NH4+ at two depths for 1999, data is averaged for the N and S 
Timing o f cutting, fertilisation and grazing are indicated by vertical lines.
o
C/5z
Figure 4.27. Available soil N 0 3'a t  two depths for 1998, data is averaged for the N and S field.
field.
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Figure 4.28. Available soil N 0 3' at two depths for 1999, data is averaged for the N and S field. 
Seasonal variation is observed in the soil NH4+ and NO 3 '. Soil NH4+ is greater in the 
first half o f the season and then declines in late August in 1998, while NO 3 ' reaches a 
peak in August and September 1998, this may indicate increased nitrification. 
Between June-September 1999, soil NO 3" decreases to very low values, it is not 
certain what is the cause for this, whether this is real variation in the field or 
measurement uncertainty.
4.6 Discussion
4.6.1 Inter-com parisons o f  m eteorological param eters
The inter-comparisons of meteorological parameters enabled the quality o f the 
measurements to be assessed and provided a fuller data coverage (91%) as data gaps 
could be filled. It is particularly useful to have as full a meteorological dataset as 
possible for modelling purposes. The comparison o f u* and H  obtained by the eddy 
covariance and aerodynamic gradient method was reasonable. It is likely that 
uncertainty in the wind speed profiles contributed to a large part o f these differences.
4.6.2 Site characterisation
The wind frequency distribution demonstrates the wind is predominantly from the 
SW (69 % of the time) and otherwise is from the NE. Winds along the boundary of 
the two fields are uncommon, largely due to the channeling effect of the Pentland 
Hills (see Fig. 3.2). This, along with a generally windy site (mean monthly wind
98
M easurem ents at Easter Bush: site characterisation Chapter 4
speeds mostly above 3 m s ’1) results in the fetch being sufficient for flux 
measurements at this site for most of the time. The cumulative normalised footprint 
(CNF) was > 65% for 82% of the time. This reflects the location and the 
meteorology o f this site.
4.6.3 Vegetation and so il m easurem ents
The vegetation and soil measurements are essential for interpreting NH3 
measurements and also provide either input data for models or data for assessing 
model performance. Without good quality interpretative data, the NH 3 measurements 
themselves are less useful as NH 3 exchange varies with many parameters. The foliar 
N and NH4+ and apoplastic NH4+ measurements show interesting variation, which 
will be examined in more detail along with NH 3 exchange measurements in the 
subsequent chapters. Bioassay measurements o f apoplastic and foliar NH4+ are still 
scarce alongside field measurements of NH 3 exchange due to the effort and expertise 
required. It would be useful to repeat the measurements with a higher frequency 
before and after cutting and fertilising events to further examine the variation in these 
plant parameters. The changes in soil mineral N induced by fertilisation were much 
smaller in 1999 than in 1998, according to the soil analysis, but there is no obvious 
explanation for this.
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Chapter 5: Measurements at Easter Bush: Long-term 
ammonia concentrations and fluxes
5.1 Ammonia concentrations
Concentrations of gaseous ammonia were measured semi-continuously at Easter 
Bush for 19 months at three heights above the grass canopy. The two lowest 
measurement heights varied according to the height of the canopy while the top 
measurement height remained at 2.06 m above ground. An example o f the data 
collected is given in Fig. 5.1, which presents 15-minute average NH3 concentrations 
at the three heights for the month o f June 1998.
Figure 5.1. NH3 concentration (15-minute averaging period) at Easter Bush measured at three heights 
during June 1998. Top height (D3) = 2.06 m, middle height (D2) varied between 0.79-0.94 m and 
lowest height (D l) varied between 0.45-0.55 m, all heights are above ground.
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Fig. 5.1 demonstrates the high temporal resolution o f the NH 3 concentration data, 
which enables the controls on the diurnal and seasonal variations in concentration 
and flux to be explored. The two measurement fields were both cut on 5/6/98 while 
the S field and N field were fertilised on 9/6/98 and 13/6/98, respectively (see Table 
4.3). The response of the gradient o f NH3 concentration to these management 
treatments can be seen in Fig. 5.1. For example, prior to 5/6/98, NH3 concentration 
was largest at the top measurement height, while during 5/6/98 the gradient switched 
to larger concentrations close to the canopy. The statistical variations in 15-minute 
mean NH 3 concentrations at the top height (2.06 m) are given in Table 5.1.
Table 5.1. Statistics o f  15-minute mean NH3 concentrations at Easter Bush, measured at the top height 





p g n f 3
Pa
p g m -3
Eg




P i m  3
May-98 2223 74.7 0.55 1.01 0.57 3.39 0.10 13.67
Jun-98 2595 90.1 1.12 1.43 0.73 4.59 0.00 12.79
Jul-98 2315 77.8 0.78 1.12 0.68 3.78 0.00 9.14
Aug-98 2212 74.3 1.37 1.50 1.10 2.77 0.00 8.34
Sep-98 1620 56.3 0.84 1.16 0.95 3.93 0.00 13.96
Oct-98 1401 47.1 0.65 1.40 0.59 5.25 0.00 32.58
Nov-98 1240 43.1 0.81 1.10 0.43 4.95 0.00 6.28
Dec-98 959 68.1a 0.75 1.15 0.67 3.33 0.03 15.35
Jan-99 1656 92.8a 0.50 0.89 0.51 3.41 0.00 11.61
Feb-99 1507 56.1 1.37 1.76 1.20 2.86 0.00 17.24
Mar-99 2115 71.1 1.72 2.51 1.56 3.12 0.04 28.54
Apr-99 2252 78.2 0.96 1.51 0.83 3.98 0.00 16.94
May-99 2553 85.8 0.99 1.51 0.94 3.03 0.01 21.19
June-99 2797 97.1 1.30 1.49 0.92 3.20 0.01 15.16
July-99 2459 82.6 0.92 1.22 0.85 2.65 0.01 11.58
Aug-99 2342 78.7 2.26 2.89 2.26 2.17 0.05 23.79
Sept-99 2061 71.6 1.22 1.35 1.51 2.46 0.06 17.47
Oct-99 2294 77.1 1.46 2.10 1.27 3.40 0.00 12.09
Nov-99b 948 90.8 0.47 0.81 1.13 3.44 0.01 33.40
Whole
Period0
37549 73.6 1.07 1.52 0.90 3.63 0.00 33.40
Whole
Periodd
38616 73.8 1.10 1.65 0.94 3.76 0.00 41.16
“Data coverage not including switch off period (15/12/98 16:30-13/1/99 10:00) 
bl / l  1/99 00:00-12/11/99 00:00 (not including period after urea application on 12/11/99) 
cl/5/98 00:00-12/11/99 00:00 (not including period after urea application) 
dl/5/98 00:00-21/11/99 13:00 (including period after urea application)
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On 12/11/99, 100 kg ha ' 1 of urea (equivalent to 47 kg N ha '1) was applied on the S 
field (see Table 4.3 and section 5.3.6). This was a deliberate measure to provide 
emissions o f NH 3 as a field test for a newly developed relaxed eddy accumulation 
(REA) system for NH 3 (Nemitz et al., 2001a). The application o f urea at this time 
was not part o f the normal management o f these fields and was arranged with the 
farm manager as an additional treatment. For this reason the statistical variations in 
15-minute mean NH 3 concentrations and other analysis throughout this chapter 
distinguishes between measurements including and excluding the period after urea 
application.
The median, arithmetic mean and geometric mean NH 3 concentration for the whole 
measurement period (1/5/98 00:00-12/11/99 00:00), excluding the period after urea 
application, were 1.07, 1.52 and 0.90 pg m '3, respectively. The maximum 
concentration for the whole measurement period, excluding the period after urea 
application, was 33.4 pg m" , this occurred on 11/11/99 at 01:15. Concentrations 
increased after the application of urea on 12/11/99 (see section 5.3.6) and reached a 
maximum of 59.9 and 41.2 pg m "3 at the lowest and highest measurement level, 
respectively, on 14/11/99 at 18:00.
The monthly arithmetic mean concentration and the monthly maximum 
concentration for the top measurement level (2.06 m) are presented in Fig. 5.2. These 
data do not show a clear seasonal cycle. The highest arithmetic mean concentrations 
are observed in March, August and October 1999. The high value for March 1999 
may be related to spreading of fertiliser and other land-spreading of manures in the 
surrounding area. The high values in August and October 1999 may be related to the 
high grazing density at the field site in these months, creating a strong local source of 
NH3.
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Figure 5.2. Monthly arithmetic mean and monthly maximum o f NH3 concentration at Easter Bush 
measured at the top height (2.06 m).
There is a slightly stronger seasonal cycle in the geometric mean NH 3 concentration 
(Fig. 5.3) with peaks occurring in August 98, February, March, August and 
September 1999. Aside from the months o f February and March 99, when 
concentrations were probably affected by manure spreading on other fields, and the 
period of grazing (August -N ov 1999), there is a general increase o f NH 3 











Figure 5.3. Monthly geometric mean and geometric standard deviation in NH3 concentration at 
Easter Bush measured at top height (2.06 m).
The geometric mean concentration is less influenced by outlier concentrations than 
the arithmetic mean and therefore provides a clearer indication o f the seasonal
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changes in the local background NH3 concentrations. The geometric standard 
deviation (ctq) is a measure of the fluctuation in concentration and is often 
interpreted as an indication o f the nearness to sources (Fowler and Cape, 1982; 
Burkhardt et al., 1998). The geometric standard deviation in NH 3 concentration at the 
top height varied between 2.17 and 5.25 pg m '3, peaking in October 1998 (Fig. 5.3) 
indicating a high variability in concentrations and/or in wind direction for that 
month.
The statistical variations in concentrations are similar for the middle and lowest 
measurement heights (data not shown). The frequency distribution o f 15-minute 
mean NH 3 concentration at each height is shown in Figs. 5.4-5.6 , all three 
distributions are slightly skewed towards lower concentration values, compared with 
a lognormal distribution, which indicates the importance o f non-zero background 
NH 3 concentrations.
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NH3 cone (¡rg m‘3)
Figure 5.4. Frequency distribution o f 15-minute mean NH3 concentration at the lowest height, which 
varied between 0.35-0.8 m above ground.
N H 3 cone (rig rrf3)
Figure 5.5. Frequency distribution o f 15-minute mean NH3 concentration at the middle height, which 
varied between 0.79-1.21 m above ground.
NH3 cone (rig m 3)
Figure 5.6. Frequency distribution o f 15-minute mean NH3 concentration at the top height (2.06 m).
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The variation in NH 3 concentration with wind direction, for each measurement 
height, is presented in Fig. 5.7 for the whole measurement period, excluding the 
period after urea application. Data are only shown for 10° sectors with wind 
frequency > 1.25% to avoid showing unrepresentative conditions; the frequency of 
wind directions is shown in Fig. 4.9b. Fig. 5.7 clearly demonstrates the influence of 
Easter Howgate farm (located at 240°, see Fig. 3.2) on the NH 3 concentrations. At 
240° the mean concentration at the 3 heights = 2.3 pg m '3, while at 30° the mean 
concentration at the 3 heights = 1.0 pg m"3, indicating the existence o f few NH3 
sources from this direction, as has been observed previously (Burkhardt et al., 1998). 
Interestingly, the concentration at the lower heights are greater than that at the 
highest height for wind directions 180°-230°, indicating that the measurement fields 
themselves are often the main source determining the concentration of ammonia in 
these wind directions.
0
Figure 5.7. Distribution o f NH3 concentration at the three measurement heights with wind direction 
for windspeeds > 0.5 m s’1, for the whole measurement period (1/5/98 00:00-12/11/99 00:00). Data are 
only shown for sectors with wind frequency > 1.25%.
5.2 Ammonia exchange: continuous time course
5.2.1 E ffect o f  filtering  on am m onia exchange data
Ammonia fluxes were measured at Easter Bush for a semi-continuous period o f 19 
months using the aerodynamic gradient method as described in section 2 .2 .
Ammonia fluxes were filtered according to the micrometeorological criteria listed in 
Section 4.2.3 (flux data rejected for: wind directions 130°-150° and 305°-315°,
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CNF< 65%, | L I < 2 m and u( 1 m) < 0.5 m s’1). The flux data, which do not pass the 
micrometeorological criteria, are more uncertain due to the unreliability of the flux 
measurement technique in very unstable or stable conditions. However, the flux 
measurements during extremely stable conditions are usually o f small magnitude 
because values o f u* are small and fluxes are suppressed by the absence of 
turbulence. Although, the relative error in the flux measurement is large, the absolute 
error is usually small and it can be argued that removing this data biases the dataset 
towards daytime flux measurements, which often show larger flux values.
NH3 flux (ng r r i2 s’1)
Figure 5.8. Frequency distribution o f 15-minute mean NH3 flux measurements.
The frequency distribution of the 15-minute mean flux values (Fig. 5.8) demonstrates 
that the data which has been filtered for the micrometeorological criteria does indeed 
have a decreased proportion of fluxes of smaller magnitude compared with the full 
dataset, while the frequency distributions for larger flux values are largely similar. 
Fig. 5.8 demonstrates that there is a fairly equal frequency o f emission (+ve) and
deposition (-ve) fluxes, although the slightly greater frequency o f positive fluxes
• • 2 1  leads to the median flux of the whole measurement period being +0.50 ng rri s’ (for
filtered data) (Table 5.2).
The statistical variations in 15-minute mean NH3 flux measurements are given on a 
monthly basis in Table 5.2 for all available data. Also presented are the results after
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filtering the flux data according to the micrometeorological criteria listed above. The 
median and mean flux over the whole measurement period, excluding the period
after urea application, do increase in the filtered dataset compared with the unfiltered
2 1 2 1 dataset, from 0.23 ng n f s' (unfiltered) to 0.50 ng nT s' (filtered) for the median
2 1 2 1 flux and 13.9 ng m' s' (unfiltered) to 14.9 ng m' s' (filtered) for the mean flux
(Table 5.2), demonstrating that filtering the data does lead to slightly larger flux
estimates. The data coverage of NH 3 fluxes for the whole period, including the
period after urea application, is reduced from 70.9% to 62.6% by the
micrometeorological filtering. The period 15/12/98 16:30 - 13/1/99 10:00 was not
included in this calculation of data coverage as the NH 3 analyser was switched off at
this time.
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Table 5.2. Statistics o f 15-minute mean NH3 flux measurements, before and after filtering for 
micrometeorological criteria (data rejected for: wind directions 130°-150° and 305°-315°, CNF< 65%, 





ng m‘2 s '1
Mean 
ng m"2 s '1
Stdev
-2 -1 ng m s
Min
ng m"2 s '1
Max
-2 -1 ng m s
May-98 A data 2168 72.8 -1.41 -6.91 21.11 -588.2 79.0
F ered 1930 64.9 -1.67 -7.16 21.46 -588.2 79.0
Jun-98 A data 2616 90.8 29.54 82.91 160.55 -135.5 2064.3
F ered 2305 80.0 34.38 87.42 165.11 -82.2 2064.3
Jul-98 A data 2289 76.9 -5.69 -8.25 21.44 -173.0 261.5
F ered 2069 69.5 -6.32 -8.93 21.13 -173.0 261.5
Aug-98 A data 2197 73.8 2.26 7.74 36.52 -848.7 198.3
F ered 1991 66.9 2.80 8.55 37.51 -848.7 198.3
Sep-98 A data 1986 69.0 1.49 2.90 20.56 -322.8 112.2
F ered 1537 53.4 2.76 4.16 19.82 -322.8 88.6
Oct-98 A data 1376 46.2 0.41 -1.84 26.90 -391.5 84.2
F ered 1176 39.5 1.34 -0.58 24.11 -275.7 84.2
Nov-98 A data 1355 47.0 4.62 7.92 16.79 -80.6 109.8
F ered 1084 37.6 7.83 9.58 18.21 -80.6 109.8
Dec-98 A data 1002 33.7 4.32 6.96 21.34 -257.9 145.1
F ered 847 28.5 6.54 8.31 22.62 -257.9 145.1
Jan-99 A data 1655 55.6 -4.97 -9.32 15.68 -135.1 36.0
F ered 1598 53.7 -5.32 -9.58 15.86 -135.1 36.0
Feb-99 A data 1727 64.2 -3.13 -9.19 44.02 -474.7 221.4
F ered 1578 58.7 -3.39 -9.79 45.25 -474.7 221.4
Mar-99 A data 2084 70.0 -2.68 -7.09 22.89 -271.6 99.5
F ered 1888 63.4 -3.26 -7.40 23.22 -271.6 99.5
Apr-99 A data 2032 70.6 5.38 12.09 47.41 -924.7 331.8
F ered 1730 60.1 7.35 14.43 50.14 -924.7 331.8
May-99 A data 2189 73.6 -5.17 -7.32 11.86 -135.4 51.6
F ered 2082 70.0 -5.56 -7.54 12.04 -135.4 51.6
June-99 A data 2612 90.7 13.71 77.89 187.10 -132.6 1619.8
F ered 2264 78.6 14.99 84.60 198.08 -130.2 1619.8
July-99 A data 1874 63.0 -5.46 -7.71 18.42 -255.1 122.3
F ered 1780 59.8 -5.82 -7.99 18.71 -255.1 122.3
Aug-99 A data 1805 60.7 24.86 40.94 48.59 -91.8 361.5
F ered 1697 57.0 25.89 42.41 49.17 -91.8 361.5
Sept-99 A data 1697 58.9 14.06 29.84 50.44 -347.3 444.4
F ered 1421 49.3 19.03 33.70 51.67 -347.3 303.1
Oct-99 A data 2695 90.6 1.22 5.54 32.91 -498.3 300.4
F ered 2264 76.1 1.77 5.51 27.41 -146.3 285.8
Nov-99a A data 828 79.3 -8.62 -9.53 8.53 -42.2 97.7
F ered 704 67.4 -10.05 -10.76 8.35 -42.2 97.7
Nov-99b A data 914 70.3 82.32 195.92 279.93 -12.68 1661.27
F ered 790 60.8 86.54 206.55 290.78 -12.68 1661.27
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ng m '2 s"1
Stdev 
ng m '2 s'*
Min





All data 36187 71.0 0.23 13.93 78.20 -924.65 2064.31
Filtered 31945 62.6 0.50 14.90 81.27 -924.65 2064.31
Whole
Period1*
All data 37101 70.9 0.41 18.41 93.22 -924.65 2064.31
Filtered 32735 62.6 0.78 19.52 96.69 -924.65 2064.31
1/11/99 00:00 - 12/11/99 00:00, not including period o f urea appliciation. 
bl 2/11/99 00:15 - 25/11/99 13:00, period o f urea appliciation.
cWhole period: 1/5/98 00:00-12/11/99 00:00, not including switch off period (15/12/98 16:30-13/1/99 
10:00) and period of urea appliciation (12/11/99 00:00-25/11/99 13:00).
dWhole period: 1/5/98 00:00-25/11/99 13:00, not including switch off period (15/12/98 16:30-13/1/99 
10:00) but does include period of urea appliciation (12/11/99 00:00-25/11/99 13:00).
The largest monthly mean and median NH 3 flux values occurred in June 1998, June, 
August and September 1999 (Table 5.2, Fig. 5.9). The largest mean and median 
monthly deposition NH 3 flux value occurred in November 1999 (prior to application 
of urea), while the largest 15-minute deposition value occurred in April 1999. 
Section 5.3 explores these periods in greater detail in relation to management 
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Figure 5.9. Monthly arithmetic mean and median NH3 fluxes at Easter Bush, November values are 
for 1-11/11/99 inclusive and therefore do not include the NH3 emissions from urea.
5.2.2 E ffect o f  corrections on am m onia exchange
In addition to the micrometeorological requirements for flux measurement described 
in section 5.2.1 and 2.3.1, there are also errors associated in the flux measurement if
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the assumptions o f stationarity and homogeneity of the atmosphere are not met (see 
section 2.3.2). The key error terms are known as the storage error, advection error 
and an error term due to chemical production or consumption. Calculation of storage 
errors is relatively simple when changes in concentration with time are recorded (see 
Eq. 2.37). Storage errors for the measurements o f NH3 exchange at Easter Bush were 
calculated as detailed in Section 2.3.2 and are presented for June 1998 in Fig. 5.10 
alongside the measured fluxes.
-Storage error 
- Measured NH3 flux
-10
01/06/98 06/06/98 11/06/98 16/06/98 21/06/98 26/06/98
















Fig. 5.10 demonstrates that the storage errors are usually o f small magnitude, 
generally in the range -2  to +2 ng m "2 s '1. The median value of the absolute relative 
error in the measured flux (storage error/measured flux) at (z-d) = 1 m was < 1 %
(0.8 %). The change in the mean flux over the whole period was +2.4%, from 13.93 
ng m “2 s' 1 uncorrected to 14.26 ng m "2 s"1 corrected. This minor difference is 
consistent with the effect o f storage on NH 3 usually being small as the fluxes o f NH 3 
are large compared with the air concentration.
To estimate the advection error, either measured horizontal concentration gradients 
or a modelling approach is needed (see section 2.3.2). These approaches have been 
followed for measurements o f NH3 exchange measured in other field studies (Loubet 
et al., 2001; Milford et al., 2001) but this was not done at Easter Bush due to a lack
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of resources. The effects o f advection can be large when large sources are close to 
sites experiencing relatively low values of NH 3 concentration and exchange, such as 
for the remote moorland adjacent to an intensive pasture considered by Loubet et al.
(2001) and Milford et al. (2001), who found advection errors to vary between 30 to
100% of the measured NH 3 flux with a median value of 38%, compared with the
2 1mean measured NH 3 flux o f -5 ng m‘ s' . By contrast, the relative errors are much 
smaller over agricultural fields with larger NH 3 fluxes. As noted by Sutton et al.
(2002) and discussed in Chapter 8 , advection errors may result in both 
underestimation or overestimation o f emissions depending on whether the advection 
results from near by sources (such as farms) or from the field itself (large field 
emissions).
To assess the error term due to chemical production of consumption, measurements 
o f H N 03, HC1 and particulate NH4+, N 0 3', Cl' and SO4' need to be measured. This 
was not done at Easter Bush. However, Nemitz et al. (2000c) assessed the chemical 
interactions with NH 3 exchange over oilseed rape at a coastal site about 20 km from 
Easter Bush. They found that due to small aerosol concentrations, chemical time- 
scales for evaporation or formation of NH4 C1 or NH4N 0 3 were much greater than 
time-scales for diffusive transport above the canopy. Therefore they concluded that 
gas-particle interactions were unlikely to have affected the measurements o f NH3 
exchange above the canopy and would be unlikely to do so in similar areas o f low 
particle concentrations. Particular periods may have occurred where chemical 
production was more important, but this would have most likely been a result of the 
perturbation caused during periods of large NH 3 emission. In this case, while the 
effect on the normally small fluxes o f aerosol NH4+ may be substantial, the relative 
effect on NH3 fluxes would remain small (Nemitz, 1998)
5.2.3 N et daily exchange o f  ammonia
The net daily fluxes for each month are presented in Figs. 5.10a, b, and c; these 
figures demonstrate the quantity o f data collected. The data presented in these figures 
have been filtered for obstructed wind sectors but not filtered for the rest of the 
micrometeorological criteria, in order to see the full pattern o f NH 3 exchange. Daily
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Figure 5.10a. Mean daily NH3 fluxes at Easter Bush. Black bars are for daily fluxes with data capture 
> 65%, grey bars are for daily capture between 30%-65%, ticks represent 1 day.
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Figure 5.10b. Mean daily NH3 fluxes at Easter Bush. Black bars are for daily fluxes with data capture 
> 65%, grey bars are for daily capture between 30%-65%, ticks represent 1 day.
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Figure 5.10c. Mean daily NH3 fluxes at Easter Bush. Black bars are for daily fluxes with data capture 
> 65%, grey bars are for daily capture between 30%-65%, ticks represent 1 day.
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Figs. 5.10a-c demonstrate the bi-directional nature of NH3 exchange over 
intensively-managed grassland and the considerable seasonal variation in NH3 
exchange. As noted earlier, the largest monthly mean and median NH 3 flux values 
occurred in June 1998, June, August and September 1999. These months have an 
increased proportion o f net daily emission fluxes compared with other months. The 
pattern of NH 3 exchange in June 1998 and June 1999 is characterised by a few large 
daily emission fluxes, up to 33 and 44 mg m ' 2 d ' 1 for June 1998 and June 1999, 
respectively, in addition to some small daily deposition fluxes (Fig. 5.10a and c). By 
contrast, the pattern o f NH 3 exchange during the grazing period of August and 
September 1999 is characterised by less large daily fluxes (up to 10 mg m ' 2 d"1), but a 
fairly consistent pattern o f NH 3 emission.
5.3 Seasonal variation in ammonia exchange
As observed in Section 5.2, the continuous time course o f measured NH 3 exchange 
shows considerable seasonal variation. The relationship o f NH 3 exchange with 
prevailing meteorological conditions and management activities is investigated 
below for six key periods, each exhibiting a different pattern o f NH 3 exchange. These 
six periods are indicated in Fig. 5.11, which presents daily fluxes for the whole 
measurement period.
Figure 5.11. Daily fluxes o f NH3 at Easter Bush (only presenting daily fluxes where data capture > 
65%). Arrows indicate key periods of NH3 exchange: 1) Pre-cut, 2) Post-cut, 3) Post-fertilisation, 4) 
Winter, 5) Grazing and 6) Urea application, a and b indicate periods in 1998 and 1999, respectively.
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5.3.1 P recutting period, spring-early sum m er
The period before the 1st cut (1/5/98-5/6/98) shows predominantly deposition fluxes 
(Fig 5.10a) with the maximum daily deposition flux = -2.37 mg NH3 m "2 d’ 1 (-19.5 g 
NH3-N ha’ 1 d’1) and the mean daily flux (mean of daily fluxes with data capture > 
65%) = -0.66 mg NH 3 m ’2 d ’ 1 (-5.4 g NH3-N ha’ 1 d’1). NH 3 concentrations and flux, 
r ( l  m), RH( 1 m), wetness, rainfall, u( 1 m), V& and Fmax are presented in Fig. 5.12 for 
part of this precutting period (20-27/5/98).
Figure 5.12. NH3 flux and concentrations at Easter Bush for the period 20-27/5/1998, shown 
alongside measured values o f air temperature (1 m), relative humidity (1 m), canopy wetness and 
rainfall, windspeed (1 m), VA and Kmax (1 hour running median, not plotted for periods of emission).
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There are some brief emission periods, which may be due to volatilisation of 
previously deposited NH3 on the leaf cuticle, particularly as emission occurs during 
periods when the canopy is drying out following periods o f wetness, e.g. on the 2 0 th 
and 22nd May 1998. During periods of deposition, the deposition velocity (Fa) can be 
calculated from Eq. 2.42. The median and mean deposition velocity are 7.2 mm s' 1 
and 8.2 mm s' 1 for this period (excluding periods o f emission). Fig 5.12 demonstrates 
that the value of Vd is often much less than the maximum deposition velocity 
permitted by turbulence (Fmax). The median Fmax for this period is 22.2 mm s '1, 
resulting in a ratio o f median Fa /median Vwax o f 32%. The median value o f Rc for 
this period is 93 s m "1 (again considering the periods o f deposition only).
5.3.2 Cutting perio d
Immediately following the 1st cut for silage at 11:00 on 5/6/98, the grassland starting
9 1
emitting NH3, up to 380 ng m' s" (Fig. 5.13). Prior to the cutting o f the grass, NH 3 
exchange was predominantly deposition (section 5.3.1). Although brief emission 
episodes were observed, the emissions were < 50 ng m ' 2 s"1 (Fig. 5.12), nearly an 
order o f magnitude less than the emissions from the cut grassland. In addition, a clear 
diurnal cycle in NH 3 exchange can be seen with the cutting emissions lasting for 
most o f the daytime rather than for just a brief period during the day. The emission 
clearly correlates with environmental parameters such as temperature and solar 
radiation.
Fluxes o f similar magnitude were also observed after the 1st cut in 1999 (Fig. 5.17), 
although the increased emissions seemed to be delayed by a few days, possibly due 
to heavy rainfall. Smaller NH3 emissions were observed following the 2nd cut in 1998 
(up to 2 0 0  ng m ' 2 s"1) and the emissions did not last for as long as after the 1 st cut 
(Fig. 5.18a). In 1999, only the S field received a second cut and unfortunately the 
wind came from the N field for the days immediately following the cut and so it was 
not possible to confirm the lower emissions observed after the second cut in 1998 
(Fig. 5.18b).
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Figure 5.13. NH3 flux and concentrations at Easter Bush immediately after the 1st cut and prior to 
fertilisation (5-9/6/1998), shown alongside measured values o f air temperature (z0'), relative humidity 
(z0'), windspeed (1 m), solar radiation and rainfall.
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5.3.3 N itrogen fertilisa tion
On 9/6/98 between 10:20-11:30 the S field was fertilised with 104 kg N ha ' 1 of 
compound fertiliser (Kemira N-P-K, 26-5-10) (see Table 4.3). The field was already 
emitting NH 3 prior to the fertilisation, about 200 ng m ' 2 s' 1 between 8:00-10:00 (Fig. 
5.14). After fertilisation, the NH 3 fluxes increased up to a peak of 1370 ng m ’2 s' 1 at 
15:30 and the emission continued overnight (9-10/6/98) indicating direct emission 
from the fertiliser itself, rather than stomatal emissions (Fig. 5.14). Heavy periods of 
rainfall on 9/6/98 and 10/6/98 can be seen to have reduced the NH3 emission.
Figure 5.14. NH3 flux and concentrations at Easter Bush for the period 9-15/6/1998, shown alongside 
measured values o f air temperature (z0'), relative humidity (z0'), windspeed (1 m), solar radiation, 
rainfall and wetness. The field was fertilised with 104 kg N h a '1 at 10:20 on 9//61998 (see Table 4.3).
The first day o f fertilisation (9/6/98) showed the largest emission and emissions
continued for approximately two weeks (Fig. 5.14 and 5.15). It is unlikely that the
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direct emission from fertiliser lasted for two weeks as night-time emissions are only 
observed for the first night following fertilisation. Daytime emissions indicate 
stomatal control and suggest that the continuation o f emission is likely to be from the 
vegetation itself. The enhanced emissions over this period are a significant 
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Figure 5.15. NH3 flux and concentrations at Easter Bush for the period 15-21/6/1998, shown 
alongside measured values of air temperature (z0'), relative humidity (z0'), windspeed (1 m), solar 
radiation, rainfall and wetness.
The N field was not fertilised until 13/6/98 and this difference o f timing of 
management activities allows the analysis o f cutting-induced emissions to continue 
over a longer period. It is interesting to note that on 11/6/98, when the wind came
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from the N field, the measurements still showed enhanced emissions (up to 
2 1 *310 ng m' s' ) (Fig. 5.16). This is 6  days after the cutting event and provides 
evidence for the duration of the enhanced emissions from grass cutting without the 
additional effect from fertilisation. One of the challenges in analysing these fluxes is 
to separate out the relative contribution of cutting versus fertilisation to the overall 
exchange after 9/6/98.
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Figure 5.16. NH3 exchange during the cutting and fertilising period (4-13/6/98), differentiating 
between NH3 exchange measured over the S and N field as the timing o f the management was 
different on the two fields (see Table 4.3).
Fluxes o f similar magnitude were also observed after the nitrogen fertilisation in 
June 1999 (Fig. 5.17). Although, interestingly, the peak in emissions was observed 
three days after the fertiliser was applied. Smaller NH 3 emissions were observed 
following the fertilisation after the 2nd cut in 1998 (Fig. 5.18). However, a data gap of 
four days exists from the third day after fertilisation so it is possible that fertilisation 
emissions did increase but were unrecorded at this time. In 1999, only the S field 
received a second cut and was fertilised on 2/8/99, but the wind came from the N 
field during this period and so any emissions from this fertilisation event are 
unrecorded.
122





































Figure 5.18. NH3 exchange during the second cutting and fertilising period in 1998 and 1999, 
differentiating between NH3 exchange measured over the S and N field. Note the N field did not 
receive a second cut in 1999. 1) S field cut: 28/7/98, 2) N field cut: 31/7/98, 3) Both fields fertilised: 
5/8/98, 4) S field cut & N field grazing starts: 28/7/99, 5) S field fertilised: 2/8/99, 6) S field grazing 
starts: 9/8/99.
123
Long-term  m easurem ents o f  am m onia exchange at Easter Bush Chapter 5
5.3.4 Winter
During the winter months and when no animals were present in either field (e.g. 
January - March 1999), NH3 exchange was predominantly deposition (Figs. 5.9b and 
c). The NH 3 concentrations and flux are presented alongside meteorological 
measurements for 13-20/1/99 in Fig. 5.19. These show fairly large deposition values, 
the maximum deposition was -135 ng mf2 s' 1 on 13/1/99, reducing to smaller 
deposition values in the subsequent days.
Figure 5.19. NH3 flux and concentrations at Easter Bush for the period 13/1-20/1/19, shown alongside 
measured values of air temperature (1 m), relative humidity (1 m), wetness, rainfall, windspeed (1 m), 
wind direction, Vd and Vmax (1 hour running median, not plotted for periods o f emission).
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The windspeed and relative humidity did not vary greatly throughout this period, but 
the wind direction fluctuated between about 240° and 200° (Fig. 5.19). The changes 
in concentration, from values o f up to 2 . 6  pg m "3 down to background values of 
about 0.3 pg m '3, are correlated with the changes in wind direction. At a bearing of 
240° the wind was coming from Easter Howgate farm (Fig. 3.2) and it is likely that 
the concentration is enhanced by this local source whereas at a bearing of 2 0 0 ° the 
wind does not pass over a farm in the near vicinity. These enhanced concentrations 
lead to a greater deposition flux. The deposition velocity is shown alongside Vmax and 
shows that in general the deposition is occurring at the maximum permitted by 
turbulence indicating minimal canopy resistance. This is in contrast to the values of 
Fd presented in Section 5.3.1. The occurrence o f some Fd values slightly exceeding 
Frnax can be attributed to uncertainty in the NH3 gradient estimates at low NH 3 
concentrations. Emission o f NH 3 only occurred for a few brief periods, the clearest of 
which was on 15/1/1999. This was almost certainly the result o f desorption of 
ammonia from leaf surfaces and occurred during a period of increasing temperature 
and low NH 3 concentration between rain events
5.3.5 Grazing
The period of grazing occurred after the 2nd cut in both years, starting on 10th August
tFiin 1998 and on 28 July in 1999. Grazing continued intermittently through the 
autumn months in 1998 and stopped on 29/1/99. In 1999 grazing also continued 
throughout the autumn and the last recorded animals were observed on 8/11/99 (see 
section 4.3.2 for details). In 1999, the N field did not receive a second cut and 
grazing began earlier than in 1998. NH 3 emissions during a period o f grazing in 1999 
are presented in Fig. 5.20. A clear diurnal cycle is shown with peak emission
9 1generally occurring about midday (up to 300 ng m‘ s’ on 8/9/99). During this period 
the N field was grazed by about 35 dairy cattle and the S field by about 70 sheep.
The wind direction was from the S field for the whole of the period shown in Fig.
5.20 (data not shown).
125
Long-term  m easurem ents o f  am m onia exchange at Easter Bush Chapter 5
Figure 5.20. NH3 flux and concentrations at Easter Bush for the period 8-12/9/1999 during a period of 
grazing, shown alongside measured values o f air temperature (1 m), relative humidity (1 m), 
windspeed (1 m), solar radiation and rainfall.
5.3.6 Urea application
On 12/11/99, 47 kg N ha ' 1 of urea was applied on the S field to provide emissions of 
NH 3 as a field test for a REA system (Nemitz et al., 2001). The NH3 exchange up to 
the 12/11/99 was exclusively deposition, but only of small magnitude (Fig. 5.9d). As 
explained in section 2 .2 , the concentration difference between the up and down
draughts in an REA system (x+ — ) is much smaller than the dx signal for the
aerodynamic gradient method and is therefore more difficult to resolve analytically.
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As a consequence o f this difficulty, urea was applied to the field to increase the NH3 
flux to provide a means of testing the system.
Figure 5.21. NH3 flux and concentrations at Easter Bush for the period 12-20/11/1999, shown 
alongside measured values o f air temperature measured by the sonic anemometer (2.1 m), windspeed 
(1 m) and solar radiation.
Emission of NH 3 was negligible on the day of application and started to increase 
significantly on 13/11/99 at 17:45, the emission continued to increase over the next 
three days reaching a peak o f 1660 ng m ' 2 s' 1 on 16/11/99 at 03:00. Emissions were 
large considering the low temperature at this time of year (mean T  (2.1 m) over this 
period = 5.2 °C). There was no rainfall observed during this period (data not shown). 
NH 3 emission continued during the night, which is indicative o f non-stomatal 
emissions. The total emission during the week following urea application (13/11/99 
00:00-20/11/99 00:00) was 1.2 kg N ha ' 1 (from the sum of available 15-minute flux 
measurements) or 1.3 kg N ha ' 1 (from the mean flux over this period converted to kg 
ha '1) (for the unfiltered dataset). This NH 3 emission is equivalent to 2.5 or 2.7 % of 
the N  applied, respectively.
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5.3 .7  D iurnal cycles o f  key periods
Average diurnal cycles in NH 3 concentration and flux for key periods are presented 
in Figs. 5.20 and 5.21. There is not much variation in the average diurnal cycles in 
NH3 concentration for the pre-cut periods, apart from a small increase in 
concentration at nighttime. This would indicate a larger contribution from local farm 
sources at night. The grazing period does not show a strong diurnal variation. The 
post-cut period does, however, show a significant increase in concentration during 
the day, reflecting increased NH3 emission from the field itself during daytime (see 
Section 5.5.3).
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Figure 5.20. Diurnal cycle in NH3 concentration in different periods.
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Figure 5.21. Diurnal cycle in NH3 flux in different periods. Note the post 1st cut cycle is scaled on the 
right-hand axis, all the other series are scaled on the left-hand axis.
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The average diurnal cycles in NH3 flux show more variation than the concentration. 
The largest fluxes and largest variation are observed in the post-cut period, when 
fluxes are larger in the daytime, due to warmer temperatures, stomatal opening and 
drier leaf surfaces. The grazing period also shows larger concentrations during the 
daytime, which reflects the effect of temperature and wetness on the emissions. 
Although there is no stomatal control on emissions o f NH 3 from ground sources of 
NH4+, there might be some additional contribution from the plants during this 
grazing period which would be controlled by stomata. The NH 3 flux in the pre-cut 
periods is primarily deposition with not much diumal variation, except for a slight 
increase in deposition for the 2nd pre-cut period in the middle o f the day. The pre-cut 
periods do show a brief period o f emission in the early morning around 0800, 
indicating emission from cuticular desorption during periods o f warming and drying.
5.4 Annual variation in ammonia exchange
Figure 5.22 shows the accumulated NH3-N  flux for the Scottish site in 1998 and 
1999 and indicates the large contribution to the overall emission from the first cut 
and fertilisation. It also demonstrates that the pattern of exchange is similar between 
the two years although after August, the accumulated flux is greater for 1999. This is 
most likely due to the greater grazing numbers in 1999 compared with 1998.
Julian Day
Figure 5.22. Accumulated NH3-N over the 2 field seasons at Easter Bush, Scotland. ‘C’ indicates 
cutting, ‘F ’: NH4+N 0 3~ fertilisation and ‘G ’: grazing. Timing of management activities given in Table 
4.3.
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ANNUAL
Winter
kg N ha'1 season'1
Summer 
kg N ha'1 season'1
Total
kg N ha'1 yr'1
t t i
-1.5 +0.8 -0.8 +3.4 -2.3 +4.2
Net flux -0.7 + 2.6 +1.9
Figure 5.23. Annual NH3-N  Budget for Easter Bush field site, May 98-April 99.
Fluxes obtained over a long period permit the calculation o f annual budgets of 
pollutant exchange. The annual NH 3 budget for the Easter Bush grassland for May 
1998-April 1999 is presented in Fig. 5.23. For this period the cut grassland was a net 
source of NH 3 at a rate o f 1.9 kg N ha ' 1 yr'1, although fluxes were bi-directional with 
deposition dominating in the winter and emission in the summer. The gross emission 
flux for the year (as the sum of half hourly net emission fluxes) was 4.2 kg N ha ' 1 yr ' 1 
equating to 1.6% o f the N applied. When taking account o f atmospheric deposition 
(2.3 kg N ha ' 1 yr'1) the net emission flux corresponds to 0.7% of the N applied. 
Although this is a small net emission flux on a per hectare basis it is significant given 
the large area o f the UK covered by grasslands.
5.5 Discussion
5.5.1 Concentrations o f  am m onia at E aster Bush
The NH 3 concentrations at Easter Bush, excluding the period after application of 
urea, varied on a diurnal and seasonal basis between 0-33.4 pg m '3. After application
3 • 3of urea the concentrations increased to 55.9 pg m" . The median (1.07 pg m '), 
arithmetic mean (1.52 pg m"3) and geometric mean NH3 concentration (0.90 pg m '3) 
for the whole measurement period, excluding the period after application o f urea, are 
fairly typical long-term average values for NH 3 concentration for this type o f mixed 
rural area. Burkhardt et al. (1998) reported an arithmetic mean concentration of
1 . 4  pg m ' 3 over a two-year period o f concentration measurements at a site close to 
Easter Bush (< 1 km). Flechard et al. (1998) reported an arithmetic mean and
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geometric mean concentration o f 0.89 and 0.43 pg m ' 3 over a 13-month period at a 
moorland site, approximately 10 km from Easter Bush. Long-term mean NH3 
concentrations measured across the UK in the National Ammonia Monitoring 
Network (1996-2000) were in the range 0.06 -  11 pg m ' 3 (Sutton et al., 2001).
A clearer seasonal cycle was observed in the monthly geometric mean NH 3 
concentration than in the monthly arithmetic mean concentration at Easter Bush, with 
the geometric mean NH3 concentration generally displaying an increase in summer 
and a decrease in winter months. The geometric mean is probably more related to the 
background concentration signal of NH 3 , which will in general increase with 
temperature due to increased emissions o f NH3 at higher temperatures, while the 
arithmetic mean is probably more affected by the local sources o f NH 3 from the 
neighbouring farms. The NH 3 concentration enhancement from the farms will 
depend on the number, type o f animal and management o f animals (whether they are 
indoors or outside grazing) and also on the wind direction and atmospheric 
dispersion (whether plumes from the farm reach the field site).
The geometric standard deviation in NH3 concentration at the highest measurement 
level varied between 2.17 and 5.25 pg m '3. These are relatively high values compared 
with typical values measured for other pollutants'. Burkhardt et al. (1998) reported a 
geometric standard deviation in SO2 concentration of ~ 2  pg m ' for a mixed rural area 
over a two year period, the corresponding arithmetic mean in SO2 concentration was 
6.49 pg nT3. These larger values o f ctg indicate that the NH 3 concentrations at Easter 
Bush are largely influenced by local sources, be they nearby farm sources or 
emissions from the measurement fields or surrounding fields themselves.
The distribution of concentration with wind direction demonstrates the influence of 
Easter Howgate farm, located at 240°. Concentrations are enhanced in this wind 
direction while concentrations from the north-north-east (NNE) sector are a factor of 
two lower. The NNE sector consists o f similarly managed fields in the closest 3 km 
and changes into residential land as the outskirts of Edinburgh are reached.
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5.5.2 Exchange o f  am m onia at Easter Bush
The exchange of ammonia with intensively-managed grassland was measured semi- 
continuously for 19 months. Filtering for micrometeorological criteria reduced the 
data capture from 70.9% to 62.6%, which is equivalent to 32,735 15-minute flux 
measurements. The NH 3 exchange showed large diurnal and seasonal variation, 
which was strongly linked to external management in addition to meteorological 
conditions. The mean NH 3 flux for key periods, converted to an equivalent daily 
flux, is show in Table 5.3. Results are given for the filtered and unfiltered dataset but 
the values are not substantially different between these two datasets. The largest 
deposition was in the winter period, equivalent to -6.3 g NH 3-N ha"1 d"1, while 
emissions after cutting in June 1998 and during grazing in August 1999 were similar, 
equivalent to 30.5 and 34.5 g NH 3-N ha ' 1 d"1, respectively. NH 3 emissions after the 
June 1998 fertilisation and the urea application in November 1999 were significantly 
larger, equivalent to 162.7 and 196.6 g NH3-N ha" 1 d"1, respectively. These values 
were determined for the first two days following the fertilisation in June 1998 and 
the first 7 days following the urea application.
Table 5.3. Equivalent daily ammonia flux for key periods
Measurement Period Mean NH3 fluxa 
(g N H j-N h a 1 d '1)
Mean NH3 fluxb 
• (g NH3-N h a '1 d '1)
Pre-cut: 1/5/98-4/6/98 -4.9 -5.1
Post-cut: 5/6/98-8/6/98 29.3 30.5
Post-fertilisation: 9/6/98-10/6/98 153.6 162.7
Post-fertilisation: 9/6/98-20/6/98° 114.0 122.3
Winter: 13/1/99-31/3/99 -6.0 -6.3
Grazing: 9/8/99-31/8/99 33.0 34.5
Post-urea: 13/11/99-19/11/99 182.3 
;— r —,—
196.6
cNot including 11/6/98 when flux was from unfertilised N field. All dates are inclusive.
Table 1.3 listed net NH3 exchange values from other measurement studies, Table 5.4 
repeats these values again for a selection of the studies and ranks them from the 
largest deposition to largest emission values. This illustrates that the deposition 
fluxes measured in the winter and pre-cutting period at Easter Bush are less than 
some measured values reported over forest ecosystems (Sutton et al., 1993a; Pryor et 
al., 2001) and semi-natural grassland (Sutton et al., 1993a) while similar to values 
measured at two moorland sites (Flechard and Fowler, 1998; Milford et al., 2001).
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NH 3 emissions after cutting in June 1998 and during grazing in August 1999 are 
similar to emissions measured over oilseed rape after cutting (Sutton et al., 2000).
Table 5.4. Daily ammonia flux values from other field studies3
Ecosystem, location Mean NH3 flux over 
the period 
(g NH3-N h a 1 d '1)
Reference
Semi-natural grassland, UK -24 Sutton et al. (1993a)
Deciduous forest, Indiana, USA -15 Pryor et al. (2001)
M oorland, UK -12 Sutton et al. (1993a)
Grazed pasture, The Netherlands'5 -10.3 Plantaz (1998)
Semi-natural grassland, UK -10 Sutton et al. (1993a)
Coniferous forest, UK -8 Sutton et al. (1993a)
Spruce forest, Denmark -6.5 Anderson et al. (1999)
Wet heathland/Moorland, -4.2 Milford et al. (2001)
Scotland
Moorland, Scotland -3.7 Flechard and Fowler (1998)
Barley, UK 4 Sutton et al. (1993b)
Grazed pasture, The Netherlands'5 17.1 Plantaz (1998)
Maize, France 18 Jambert et a/. (1997)
Oilseed rape, Scotland (precut) 20 Sutton et al. (2000)
Oilseed rape, Scotland (postcut) 30 Sutton et al. (2000)
Oilseed rape, Scotland (postcut, at 80 Sutton et al. (2000)
end o f measurement period)
aNote that these values are derived from measurement studies o f different durations and using 
different measurement techniques (see Table 1.3), bnon-grazed mean, cgrazed mean.
NH 3 emissions after the June 1998 fertilisation and after the urea application in 
November 1999 are significantly larger than the NH 3 emissions reported in these 
studies, but this is to be expected as most of these studies did not report emissions 
from fertiliser application. The total emission observed in the two days following N 
fertilisation on 9/6/98 at Easter Bush was 0.3 kg N ha '1, this was equivalent to 0.3 % 
of the N applied (104 kg ha '1). This percentage increases if the emission on the 
following days is included but it is difficult to determine what proportion of this 
emission is direct fertiliser emission and what proportion is plant-mediated emission. 
Van der Weerden and Jarvis (1997) suggest an NH 3 emission factor for ammonium 
nitrate fertiliser applied to grassland of 1. 6  % of the N applied, and the values 
recorded here are therefore much smaller than in that study.
The total emission observed in the week following the urea application at Easter 
Bush was 1.3 kg N ha '1, equivalent to 2.7 % of the N applied. Van der Weerden and
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Jarvis (1997) measured ammonia losses of 12 to 46% from urea application in wind 
tunnels and reviewed other experiments which measured losses o f 6  to 49%; they 
suggest an NH 3 emission factor for urea applied to grassland o f 23 % of the N 
applied. Nathan and Malzer (1994), however, reported losses o f only 0.8% of the 
urea applied. The relatively low emissions at Easter Bush are probably a reflection of 
the low application rate, the time o f year and the prevailing meteorology at this time; 
for example the mean temperature during this period was only 5.2 °C, which would 
suppress emissions.
Although the measurements presented here were not designed with the aim of 
precisely determining emissions from grazing, a quick comparison can be made of 
the emissions observed during grazing periods with other grazing studies. The mean 
daily NH 3 flux data for the period 11/8/99 00:00 -  17/8/99 00:00 was 30.8 g NH3-N 
ha ' 1 d"1. This reduced period o f data is chosen as an example period as the wind 
direction was from the S field for all this period and a record of animal numbers is 
available for this period (Fig. 4.18), showing an approximate average o f 200 sheep in 
the S field at this time. The area o f the S field is 5.424 ha and therefore if  all the 
emission is presumed to arise from the sheep then this implies daily emissions from 
the sheep of 0.8 g NH3-N sheep ' 1 d’1. Jarvis et al. (1991) report average losses of 0.9 
and 1.2 g NH3-N sheep ' 1 d ' 1 from non-fertilised pastures and pastures fertilised with 
420 kg N ha '1, respectively, which are similar to the estimate obtained from Easter 
Bush.
The net annual exchange of NH3 measured at Easter Bush for 1/5/1998 -30/4/1999 
was +1.9 kg N ha ' 1 yr'1. Table 1.3 lists values from other measurement studies;
Easter Bush net exchange is close to the mid-point of these reported measurements. 
Duyzer (1994), Erisman et al. (1994) and Elesterberg et al. (1996) report heathlands 
and an extensively-managed grassland to be sinks o f -12 to -13 kg N ha ' 1 yr'1, while 
Flechard and Fowler, 1998 report a moorland in southern Scotland to be a net sink of 
-2.5 kg N ha ' 1 yr'1. Plantaz (1998) reports an un-grazed pasture and a grazed pasture 
to be a net sink (-3.8 kg N ha ' 1 yr'1) and net source (+6.2 kg N  ha ' 1 y r'1), respectively. 
Mosquera et al. (2001) report intensively-managed grassland in The Netherlands as a
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net source o f between 10 and 16 kg N ha-1 yr' 1 but these measurements include 
substantial slurry-spreading emissions (see section 1.2.4).
The sum of the NH 3 emissions for the first four days after the cut and prior to the N 
fertilisation (5/6/98-8/6/98) was 0.122 kg N ha '1. There are 60,500 km2 o f improved 
grassland in the UK (DETR, 2000), therefore scaling up the cutting emissions across 
the whole o f the UK improved grassland would lead to 0.74 kt NH 3-N. UK NH3 
emissions for 2000 were 319.8 kt NH3 , equivalent to 263.4 kt NH 3-N (Table 1.1) so 
the cutting emissions would comprise 0.3% of the UK total emissions. If the total 
gross emissions from the field are summed, this amounts to 4.2 kg N ha ' 1 yr' 1 x 
6,050,000 ha = 25 kt NH 3-N yr'1, equivalent to 9.5% of the UK total emissions. 
Although this calculation is approximate, it indicates that although direct fertiliser 
emissions from NH4NO3 fertilised grasslands make a small contribution to total NH 3 
emission, the gross emission from all processes in fertilised grassland, including 
stomatal emission and cuticular desorption, make a much larger contribution.
5.5.3 Controls on exchange o f  am m onia at E aster Bush
It is clear from the full time course o f NH 3 exchange (Fig. 5.11) and from exploring 
different case periods (Section 5.3) that the variation in NH 3 exchange observed at 
Easter Bush is strongly linked to the external management activities at the field site 
(cutting, fertilising and grazing). It is interesting to investigate whether these 
variations in the NH3 exchange are also detected in the vegetation and soil 
measurements presented earlier (Section 4.4 and 4.5).
Fig. 5.24 compares the mean daily NH3 fluxes against the measured values of 
apoplastic NH4+, total foliar NH4+ and available soil NH4+ and NO 3" for 15/5/198- 
10/10/1998. Measurements are shown for the S field only. The foliar NH4+ 
measurements are an amalgamation o f two datasets of measurements, one from the 
same leaves used to measure apoplastic NH4+ and the other from older leaves which 
were not analysed for apoplastic NH4+ (see section 4.4.3).
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Figure 5.24. Mean daily NH3 fluxes at Easter Bush plus measured values o f  apoplastic NH4+, total 
foliar NH4+ and soil NH4+ and N 0 3‘. Vertical lines indicate timing o f cutting (C) and fertilisation (F).
Variation is observed in apoplastic NH4+, total foliar NH4+ and available soil NH4+
and N O f after cutting and fertilising events, however there are some interesting
differences between the dynamics in these vegetation and soil measurements and the
observed NH 3 fluxes. A significant change after cutting and prior to fertilisation is
only seen in the foliar Nfft"1" after the second cut. Apoplastic increases after
both fertilisation events but not after cutting. This may be due to a stronger response
of apoplastic NH4+ to increased available NH4+ in the soil, arising from increased
NH4+ uptake through the xylem to the apoplast. The bioassay measurements are
larger after the second cut in contrast to NH3 emissions which were much greater
after the first cut. However, very few bioassay measurements were made after the
first cut and fertilisation so these results are less certain and it would be advisable to
repeat the bioassay measurements with a higher frequency during both cuts to
confirm these differences.
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The different dynamics in soil NH4+ and NO3' are also notable; although both NH4+ 
and NO3' increase immediately following the second fertilisation, NH4+ then declines 
while N 0 3' remains at a greater value than before the second cut possibly indicating 
increased nitrification. I f  plant uptake o f NO3' was greater after the second 
fertilisation then this could explain the reduced NH3 emissions as plants taking up 
NO3' have been shown to produce smaller emissions than those taking up NH4+ 
(Schjoerring et al., 1998). In summary, these vegetation and soil measurements help 
explain some o f the differences in NH3 fluxes, but it is still a challenge to link the 
measurements directly to the observed fluxes. A  fully dynamic model which models 
these various soil and vegetation pools and nitrogen flows allows more detailed 
examination o f the processes (see Chapter 7).
In addition to the strong effect o f management, the prevailing meteorological 
conditions have a substantial effect on NH3 exchange. Particular meteorological 
parameters that are known to influence NH3 exchange are temperature, atmospheric 
turbulence, solar radiation, humidity and wetness (see section 1.3). Many o f these 
parameters are inter-related (e.g. it is often windier during autumn and winter when 
temperatures are lower) and so it is difficult to isolate the influences o f any one 
variable. However, as an example, the relationship o f NH3 concentration and NH3 
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Figure 5.25. a) NH3 concentration (2.06 m) in relation to air temperature (2.13 m) for different key 
periods: pre-cutting: 1/5/98-4/6/98, post-cutting: 5/6/98-8/6/98, post-fertilisation: 9/6/98-10/6/98 and 
grazing: 8/9/99-11/9/99. All dates are inclusive, b) NH3 flux in relation to air temperature (2.13 m) for 
same key periods. Data are medians o f 10, 25 or 50 15-minute measurements sorted by increasing 
temperature.
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Fig. 5.25a shows that NH3 concentration in general increases with increasing 
temperature. An exception is seen for the precut period when temperatures fall below 
about 7.5 °C, in which case NH 3 concentrations increase with decreasing 
temperature. The precut period was shown in section 5.3.1 to relate to a period of 
predominantly NH3 deposition Low temperatures lead to poorer atmospheric 
dispersion (as there is less mixing of the atmosphere driven by heating of the 
surface). If there are local sources of NH3, e.g. from neighbouring farms, then the 
plumes from these sources will be less dispersed in colder conditions leading to 
increased concentrations. The other key periods shown are all periods with 
predominantly emission of NH3 and in these cases the NH3 emission will increase 
with increasing temperature, either through the NH3 compensation point increasing 
with temperature or if  it is a soil-surface emission then volatilisation of NH3 will 
increase with increasing temperature (see Eqs. 1.7 and 1.8). This increased emission 
then leads to increased concentration above the field (Fig. 5.26a and b). This 
interpretation o f Figure 5.25a is supported by the observation o f increasing NH3 
emission with increasing temperature as shown in Fig. 5.25b.
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Figure 5.26. NH3 concentration (1 m) in relation to NH3 flux for different key periods: a) pre-cutting: 
1/5/98-4/6/98, post-cutting: 5/6/98-8/6/98 and grazing: 1/9/99-30/9/99, b) post-fertilisation: 9/6/98- 
10/6/98. All dates are inclusive. Data are medians o f 10, 25 or 50 15-minute measurements sorted by 
increasing flux.
For pollutants which are only deposited, increasing concentration leads to increasing 
deposition, as long as the resistances remain similar (see Eq. 2.42). However, for a 
pollutant such as NH3, which can experience bi-directional exchange, although the 
concentration may still determine the flux during deposition periods, during emission 
periods it may be the NH3 flux itself, which is controlling the NH 3 concentration at 
the site. This has also been observed by Sutton et al. (2000b) who measured bi-
138
Long-term  m easurem ents o f  am m onia exchange at Easter Bush Chapter 5
directional NH3 exchange over oilseed rape. The relationship o f NH 3 concentration 
with NH3 flux is presented in Fig. 5.26 for key periods; the data do show NH 3 
deposition increases with increasing concentration for deposition periods, while for 
emission periods, concentration increases with increasing NH3 flux. This 
demonstrates that it is the NH3 flux, which is mostly controlling the NH 3 
concentration at the site during these emission periods.
If the concentration was controlling the flux then emissions would increase as the 
ambient air concentration decreased, which is not observed. This is relevant in 
relation to the interpretation of bi-directional NH 3 fluxes according to the NH 3 
compensation point o f the canopy. In a simplified interpretation of this concept, the 
direction o f the flux would depend on how the NH 3 air concentration varied in 
relation to the compensation point. Hence, if  the air concentration was controlling 
the direction and magnitude of the flux, then emissions would increase as the 
ambient air concentration decreased. That this is not observed demonstrates that it is 
the varying magnitude o f the surface emission potential (including the compensation 
point) that determines the magnitude and direction o f the flux, rather than the NH3 air 
concentrations, the effect of which is secondary.
This is shown most strongly for the fertilisation period, 9/6/98-10/6/98 (Fig 5.26b), 
while the relationship o f increasing concentration with increasing flux seems to reach 
a plateau at about 50 ng m ' 2 s' 1 for the post-cut and grazing periods. This may be due 
to the effect o f atmospheric turbulence, which is also correlated with the flux. 
Increased atmospheric turbulence would increase the flux while also dispersing the 
NH 3 emissions and therefore dilute the increased concentrations. However, it is 
interesting that this does not seem to occur during the fertilisation period.
5.5.4 Enhanced am m onia em issions fro m  grass cutting
Increased emissions o f NH 3 after fertilisation and during grazing have been observed 
and quantified through numerous experiments and field studies. However, prior to 
1998, increased emissions o f NH3 after grass cutting had been observed in only one 
other study (Sutton et al., 1997a). The measurements reported in Sutton et al.
(1997a) were o f one day of emissions from cut grassland and were observed while
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measuring NH 3 exchange downwind of slurry application. The measurements at 
Easter Bush provide a more extensive dataset and confirm increased emissions of 
NH3 from three separate cutting events with larger emissions seen in the first cut of 
silage compared with the second. Bioassay measurements o f foliar NH4+ did show an 
increase after cutting while apoplastic NEE"1" showed an increase following 
fertilisation. Loubet et al. (2002) and Sutton et al. (2001a) discuss various 
hypotheses for the increase in foliar and apoplastic NH4+ following cutting and 
fertilising. It may be due to a decrease in net photosynthesis, which is observed 
following cutting, leading to a reduced utilisation o f the available N and hence 
accumulation of NH4+ in the plant tissues. After fertilisation, increased available 
NH4+ in the soil can lead to increased NH4+ uptake through the xylem to the apoplast, 
further increasing NH 3 emissions.
The enhanced NH3 emissions following cutting could also arise from sources other 
than the remaining cut sward, for example from the litter and from the soil itself. An 
integrated experiment on NH3 exchange was held in Germany in May-June 2000 at 
an intensively-managed grassland (see Chapter 8 ). David et al. (2004) report cuvette 
measurements o f NH3 exchange from different compartments (bare soil, cut grass 
with litter present, cut grass with no litter present), after grass cutting during the 
integrated experiment. They conclude the origin of the emissions after cutting is 
difficult to assess, but the emissions are likely to arise from a combination of the 
remaining sward (including green and senescing leaves) and remaining leaf litter. 
They conclude that the soil was not a significant contributor to the flux. Further 
cuvette measurements and physiological measurements would be needed to fully 
determine the source o f the cutting emissions.
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Chapter 6: Modelling NH3 exchange at Easter Bush: 
resistance modelling
6.1 Introduction
The primary ecological concerns regarding reduced nitrogen are its contribution to 
acidification and eutrophication of sensitive ecosystems and to aerosol formation in 
the atmosphere (see Section 1.1.3). The relative contribution of NHX to acidification 
o f ecosystems is increasing as emissions o f sulphur dioxide are decreasing. As a 
result o f these concerns and as a move towards integrated pollution control, NHX is 
being incorporated for the first time into European transboundary air pollution 
abatement strategies (see Section 1.1.4). The assessment o f critical load exceedance 
plays a central role in pollution control strategies and this requires accurate 
descriptions o f the wet and dry deposition o f NHX to ecosystems. Wet deposition of 
NH4+ is more easily measured than NH3 dry deposition, and there is an extensive 
monitoring network already in place across Europe. Measurements of dry deposition 
o f NH3 are complex and costly and as a result there are very few flux monitoring 
stations. Consequently, estimates o f dry deposition o f NH3 across a domain such as 
the UK or Europe, depend on atmospheric transport models (ATM’s), which, in turn, 
depend on an accurate parameterisation of NH 3 exchange.
A number o f models describing dry deposition of NH3 have been developed using 
the resistance analogy approach (see Section 2.4). Nemitz et al. (2001) introduced a 
two-layer “canopy compensation point” model, which in addition to describing 
deposition to the plant cuticle, can account for emission o f NH 3 from the canopy and 
from an additional layer at ground level (Section 2.4.5). However, before this model 
can be fully adapted within an ATM, progress is required on parameterising the key 
model variables for the dominant ecosystem types across Europe and also on 
assessing the seasonal variation of these parameters. Many o f the parameterisations 
for NH3 exchange currently available were obtained from measurement campaigns of 
only a few weeks and most parameterisations do not vary seasonally. The 
measurements presented in Chapter 5 demonstrate the large seasonal variation 
observed in NH 3 exchange with intensively managed grassland, particularly
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following different management activities. The net exchange is seen to change from 
a source to a sink at different times of the year. This variation is not captured in 
current parameterisations of NH 3 exchange with grassland (e.g. Smith et ah, 2000). 
This chapter describes the application o f the two-layer canopy compensation point 
model to the Easter Bush field site and develops seasonal parameterisations of NH3 
exchange with the intensively managed grassland.
6.2 Model description
The two-layer canopy compensation point model (Fig. 6.1) was chosen to 
parameterise the measurements presented here as it balances the requirement of 
having sufficient complexity to describe the processes involved, while still being 
simple enough to include in the modelling approach across Europe. A full model 
description is given in Section 2.4.5.
Fig 6.1. Diagram o f the two-layer canopy compensation point resistance model o f NH3 exchange 
(Nemitz et al., 2001). For a description of the symbols see Section 2.4.5.
To recap, the two-layer canopy compensation point model incorporates bi-directional 
foliar stomatal exchange, deposition to leaf cuticles and NH 3 exchange with the 
ground surface. There are six resistances to transfer: aerodynamic resistance (i?a), 
boundary-layer resistance (Rb), stomatal resistance (Rs), cuticular resistance (i?w), in­
142
Resistance m odelling o f  am m onia exchange at Easter Bush Chapter 6
canopy aerodynamic resistance (i?ac) and ground boundary-layer resistance (i?bg) and 
two emission potentials: the foliar emission potential (Ts) and the ground layer 
emission potential (rg). The ability to parameterise foliar and ground layer emission 
potentials separately is essential when modelling a system in which fertiliser is 
applied on a regular basis (three-four times per year) and is a significant 
improvement on earlier modelling approaches.
6.3 Parameterisations: resistances
A key challenge in developing parameterisations is characterising how the various 
resistances and emission potentials vary with meteorology, phenology and 
management activities (such as cutting and fertilising).
6.3.1 Aerodynam ic resistance and boundary-layer resistance
Formulations for the aerodynamic resistance and boundary-layer resistance are given 
in Eq. 2.47 and Eq. 2.48, and relate to meteorological parameters such as u and u*. 
The diurnal and seasonal variation in Ra and Rb arises from the corresponding 
variation in the meteorological parameters, which can be easily measured. i?a and Rb 
are independent of plant stage and management activities apart from the interaction 
with changes in surface roughness.
6.3.2 Stom ata! resistance
In contrast to Rd and R\,, stomatal resistance (Rs) and cuticular resistance (7?w) are 
likely to be dependent on the extent o f the canopy. A greater area available for gas 
exchange should lead to a smaller resistance. Consequently a seasonal 
parameterisation needs to incorporate some measure of the extent o f the canopy. A 
useful property is the Leaf Area Index (LAI), which is a measure o f the leaf area o f a 
canopy per unit ground area (see section 3.4.1). The LAI at Easter Bush was 
measured monthly or more frequently around periods o f cutting. An empirical 
relationship between canopy height (hc) in m and LAI in m 2 m ' 2 was determined for 
Easter Bush (LAI = - 22.75hc2 + 19.2hc -  0.14) (Figure 6.2), which enabled the more 
regularly measured canopy height measurements to be converted to an estimate of 
LAI. Fig. 6.2 shows that the relationship between canopy height and LAI is not
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linear, since as the grassland grows there are more individual tall flower stems that 
increase the overall mean canopy height, but do not provide a large canopy area.
canopy height (m)
Figure 6.2. Relationship between Leaf Area Index (LAI) and mean canopy height for Easter Bush, 
1999 data.
Rs was parameterised from measurements o f Rs for water vapour (Rse ) (Eq. 2.54) 
obtained in dry (R H < 80%), daytime (St > 50 W nT2) conditions for Rz + R^ < 500 s 
m '1. The Hicks et al. (1987) formulation was used, adapted by Sutton and Fowler 
(1993) to use solar radiation (50 instead o f photosynthetically active radiation (PAR) 
(Eq. 6.1). Correction factors were not introduced for water stress and humidity as this 
Scottish site is well watered for all times of the year.
3 3 5
*s =^smin (1  + — ) —  (6 .1 )
S', LAI
Rs,min is the minimal stomatal resistance, ps is a constant. The values o f Rs.min- 
65 s n f 1 and ps = 90 W m ' 2 were chosen since they provided close agreement between 
measured and modelled RsE for a period when the measured LAI was 3.5 m 2 nT2 
(single-sided). Rs was scaled by LAI for the rest o f the measurement period. This 
gave reasonable agreement between measured and modelled Rse for the whole 
measurement period. A comparison of measured versus modelled Rse over the period 
o f the 2nd cut in August 1999 is shown in Fig. 6.3. This shows clearly the effect of
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the cut, which acts to increase RsE due to the reduction in leaf area, and modelled RsE 













V  o? v  w  o r
Figure 6.3. Measured and modelled RsE over the period of the 2nd cut, August 1999. Ticks show days 




Cuticular resistance, Rw, was parameterised following Sutton and Fowler (1993), but 
incorporating a scaling for LAI:




where Rw>min is the minimum cuticular resistance, RH  is relative humidity at 1 m (%) 
and a is a constant. The parameterised values o f were obtained by obtaining the 
best fit o f the model to night-time Rc estimates in a number o f key periods, excluding 
periods o f nocturnal soil emissions. During night-time, the stomata are closed and 
therefore it is assumed that the only major pathway o f NH3 exchange is to the leaf 
cuticle, so that Rw «  Rc. The parameterised values used were i?w,min = 4 s m '1, a = 6.5; 
the parameterisation also includes a LAI dependence. Fig. 6.4 shows the relationship 
between measured night-time Rc (in deposition periods only and while Ra + R^ < 500 
s m '1) and RH( 1 m) for May 1999, together with the parameterisation for Rw.
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RH (1m) %
Figure 6.4. Measured values of night-time Rc (for deposition periods only and Ra + Rb < 500 s m"1) 
versus RH (1 m) for May 1999, points are medians of 50 values, after sorting for ascending RH. The 
parameterisation for Rw is also shown (Rw,min = 4 s m  ', a = 6.5).
6.3.4 In-canopy aerodynam ic resistance
Nemitz et al. (2001) proposed the following relationship for the in-canopy 
aerodynamic resistance, Rac(<7 + zo)= ct(d + zo)w* 1 (see Section 2.4.5, Eq. 2.64). 
Measurements o f in-canopy turbulence were not conducted at Easter Bush, but in­
canopy measurements o f o\v and other parameters were made in a similar grassland 
canopy (also predominantly Lolium perenne) during a field experiment in 
Braunschweig, Germany, 2000 (Nemitz et al., 2004). These measurements led to an 
estimate of a  = 40, for a canopy height of 0.45 m. The same value of a  was chosen 
for the parameterisation o f Rac at Easter Bush, but Rac was scaled according to 
canopy height (hc) in m:
R«(d  + z0) = ^ u . - '  (6 -3)
flcV oJ 0-45
6.3.5 G round boundary layer resistance
The ground boundary layer resistance, Rbg,was parameterised following Eq. 2.66.
r  = S c - ln ( 5 0 l z g]_y schuepp (1977) reports results of in-canopy transfer in a
bg ku,g
variety o f field experiments over different vegetation types. From these
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measurements, an empirical relationship can be derived between u*g and wind speed 
above the canopy (w*g = ut20). Schuepp (1977) did not state the height of the wind 
speed measurements above the canopy but mean wind speed at the sonic height (2 . 1  
m) was used to derive u*g for Easter Bush in the absence of within-canopy turbulence 
measurements. Schuepp (1977) showed that it is difficult to determine the value of zg 
with accuracy, but it is also true that R^g is not that sensitive to changes in zg. A value 
o f zg = hc/5 was chosen as a best estimate for zg> comparing with field measurements 
reported in Schuepp (1977).
6.4 Parameterisations: stomatal and ground emission potentials
The parameterisation of the emission potentials is more complex as they vary with 
phenology and management activities and it is also difficult to distinguish between 
contributions to emission from the two sources (foliar and ground). As an initial step 
towards providing a fully seasonally varying parameterisation, the emission 
potentials are parameterised for each o f the key periods described in Section 5.3:
1) pre-cut, 2) post-cut, 3) post-fertilisation, 4) grazing and 5) winter). As 
demonstrated in Section 5.3, these key periods all exhibit a different pattern o f NH 3 
exchange, some showing net emission while other periods demonstrate net 
deposition. Based on the other parameters, values o f r g were estimated by fitting the 
model to measured nighttime fluxes, while values o f r s were found by fitting the 
model to measured daytime fluxes.
6.4.1 Pre-cut
The pre-cutting value o f the stomatal emission potential (rs) and ground layer 
emission potential (rg) were estimated at 630 and 110, respectively. The measured 
and modelled net NH3 exchange for an example pre-cut period (21-27/5/99) are 
shown in Fig. 6.5. While this represents a model ‘fit’, these results show that the 
model is able to broadly reproduce the temporal structure o f the NH3 exchange 
fluxes. There are some periods of disagreement, e.g. the model is not able to 
reproduce the emission period observed on 21/5/99. This emission is probably due to 
desorption o f NH3 from the cuticle. Such desorption cannot be modelled by this two-
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layer model and a dynamic model of the leaf chemistry, such as described by 
Flechard et al. (1999), would be required to reproduce this emission.
Figure 6.5. Measured and modelled net flux (Ft) for the period 21-27/5/99 
6.4.2 Post-cut and  fertilisa tion
The measurements during the 1st cut o f silage in 1999 were used to parameterise the 
emission potentials for the periods of cutting and fertilising. This period was chosen 
because after this cut on 2nd June 1999, the field was not fertilised until 11th June 
(Fig. 6 .6 ). Therefore this extended period of nine days enables the foliar emission to 
be studied separately from the enhanced ground surface emission from fertiliser. In 
addition, in 1999 the two fields were cut and fertilised at the same time whereas in 
1998 the N field was fertilised five days later than the S field and this introduces 
greater complexity into the modelling process. Enhanced emissions after cutting 
were not observed until a few days after the cut in 1999 (Fig. 6 .6 ); it is hypothesised 
that this is due to the large amount o f rain that fell immediately after the cut and 
persisted until seven days after the cut, most likely suppressing any potential 
emission or recapturing it on wet leaf surfaces.
The fields were fertilised on 11th June in the late afternoon and an increased emission 
was not observed until 13/6/99 (Fig. 6 .6 ). During 11-12/6/99 there was reduced 
relative humidity and no rain so it is possible that the pellets o f ammonium nitrate 
fertiliser may not have dissolved immediately, thereby limiting emissions. However, 
on 13 and 14th June the emissions increased to 750 ng n f 2 s' 1 and 1600 ng m ' 2 s '1,
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respectively; significant nocturnal emissions were also observed. Nocturnal 
emissions can only arise from non-stomatal emissions and it is concluded that this 
emission represents direct fertiliser emission at the ground surface. Nocturnal 
emission continued for 4 more nights. The daytime enhanced emissions continued 
until approximately 26/6/99. This is unlikely to be continuing direct fertiliser 
emission as the nocturnal emissions were no longer present and emissions from 
mineral fertilisers had not been observed to last for two weeks in other field 
experiments. As discussed in Section 5.5.4, this enhanced emission was likely to be 
due to a combination o f emissions from the sward itself and from leaf litter.
Figure 6.6. Measured and modelled net NH3 flux (Ft) for 1/6/99-20/6/99, plus the daily rainfall during 
this period. Vertical lines indicate cutting (solid lines) and fertilisation (dashed lines).
Following these observations, the foliar emission potential, rs, was increased over 
the cutting period and for the two weeks following fertilisation. An initial 
parameterisation of Ts was obtained by fitting the model on a daily basis to the 
measurements for the period 2-11th June. A Gaussian curve was fitted to the daily 
parameterised values o f Ts to provide a continuous function for the emission 
potential (Fig. 6.7). The parameterisation of Ts reached a maximum of 28,000 at
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12:00 on 14/6/99 and then decreased to the background pre-cuttting value of 630 on 
27/6/99. To parameterise the increased fertiliser emissions, a ground emission 
potential, rg, was introduced at the time of fertilisation. Tg was decreased from a 
maximum value o f 35,000 and returned to a value o f 1100 after 6.5 days (Fig. 6.7). It 
is not possible to determine precisely the time period o f direct fertiliser emissions. 
The period of 6.5 days was selected as representing the period over which nocturnal 
emissions were observed.
Figure 6.7. Functions for the foliar emission potential ( r s) and the ground layer emission potential 
(rg).
The combination of these two emission potentials in conjunction with the 
parameterisations for Rs and Rw given earlier gives close agreement between 
measured and modelled fluxes for the period o f cutting and fertilising (Fig. 6 .6 ). 
However, there are discrepancies between the model and measurements and these 
indicate areas for improvement in the model. For example, the model overestimates 
the emissions on 13/6/99 indicating that r gis too large at this time. It is possible that 
Tg (similarly for rs) should increase to a maximum value rather than reaching the 
maximum immediately after application. In addition, the heavy rainfall on 13/6/99 
may have suppressed the emissions. Linking Tg mechanistically to precipitation and 
relative humidity would be an improvement. Emissions are also overestimated on 17 
and 18/6/99, this is largely due to stomatal emissions and indicates that r s is possibly 
overestimated at the end o f the cutting and fertilising period.
A comparison of 15-minute measured and modelled NH3 fluxes for June 1999 is 
presented in Fig. 6 .8 . This shows good agreement over the full range o f fluxes, with
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some underestimation of large emission fluxes and overestimation o f fluxes in the 
lower range. The overall agreement, however is encouraging (R2 = 0.83), given that 
June 1999 is a period with large variation in NH3 exchange and considerable changes 
in canopy area and structure.
Figure 6.8. Comparison o f measured and modelled 15-minute netN H 3 exchange for June 1999.
6.4.3 Grazing
It is also a challenge during the grazing periods to separate the contribution from the 
foliar and ground level emissions. As an initial estimate, constant parameterisations 
o f Ts (= 4000) and Tg (= 5000) were chosen during grazing. Fig 6.9 shows the 
measured and modelled net flux for 8-12/9/99 with these fixed values o f r s andTg 
and all other variables parameterised as described above. The model reproduces the 
daily structure in the measurements remarkably well given that these fixed emission 
potentials are used throughout the whole period.
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Figure 6.9. Measured and modelled net flux (Ft) for the period 8-12/9/99, r s = 4000 andTg = 5000.
The contribution of the component fluxes to the net modelled flux (Ft) for this period 
is shown in Fig. 6.10. The ground flux (Fg) provides the largest contribution to the 
net flux, with stomatal emissions (Fs) contributing about 15-30% of the daytime 
emission flux, while there is significant deposition to the leaf cuticle (Fw), 
particularly during the late afternoon/evening of 8/9/99.
Figure 6.10. Modelled net flux (F t) and component fluxes, ground surface flux (Fg), stomatal flux (Fs) 
and cuticular flux (Fw) for the period 8-12/9/99.
Fig. 6 .11 shows the modelled flux when the stomatal emission potential is set to near 
zero. This demonstrates that the model can reproduce the measurements during this 
grazing period with only emission from the ground layer, with a ground emission 
potential, Tg, o f 5500. Fig. 6.12 shows the equivalent modelled flux when the ground
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emission potential is set to near zero and demonstrates that a large stomatal emission 
potential ( r g = 2 0 ,0 0 0 ) is required to reproduce the measured emission and even with 
this large emission potential, the magnitude of emissions on 8/9/99 and the nocturnal 
emissions on 9/9/99 and 11/9/99 are not reproduced. This indicates that the 
parameterisation o f Tg for this grazing period is fairly robust. The exact value o f Fs is 
difficult to determine, but the modelled net exchange is not too sensitive to the 
choice o f r s in this period.
Figure 6.11. Measured and modelled net flux (Ft) for the period 8-12/9/99, rs= 1 a n d r g = 5500.
Figure 6.12. Measured and modelled net flux (Ft) for the period 8-12/9/99, Ts = 20,000 and Tg = 1. 
6.4.4 Winter
The performance o f the two-layer model for a winter period is shown in Fig. 6.13. 
The parameterisations o f the resistances are identical to those for the previous 
periods. The foliar emission potential and ground layer emission potential are set at
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the same value as for the pre-cut period (630 and 110, respectively). The model 
generally agrees closely with the measurements apart from underestimating the 
deposition during the night o f 28/1/99 and not reproducing a period of emission on 
29/1/99, which was probably a result of cuticular desorption.
Figure 6.13. Measured and modelled net flux (Ft) for the period 26-30/1/99.
6.5 Sensitivity Analysis
A sensitivity analysis o f the modelled mean net NH3 exchange to changes in key
input parameters was conducted for June 1999 and the results are given in Table 6 .1.
The mean measured values o f Ft, F t> day and F t,njght for June 1999 were 77.9, 99.9 and 
2 129.3 ng m" s' , respectively while the corresponding mean modelled values were
2 199.2, 126.9 and 40.8 ng m' s' , respectively. Table 6.1 indicates that in this particular 
period (June 1999) the model estimate o f net NH3 exchange is most sensitive to Tg 
and the in-canopy resistances Rac and Rbg. The sensitivity to r s and Ra + R\> is less (a 
25% change in these parameters results in a 8-12% change in the flux). As expected, 
changes in r s and Rs do not have a significant effect on the nighttime flux, while 
changes in Rw have a greater effect on the nighttime flux than during the daytime. It 
must be noted that the sensitivity of the net exchange to these parameters would be 
different in other key periods, for example during a period of small ground layer 
emissions, or during a period of predominantly deposition of NH3. These results are 
indicative o f the model sensitivity during a cutting and fertilising period.
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Table 6.1. Sensitivity analysis o f the two-layer model. The percentage change in modelled mean net 
exchange (F{) for June 1999 is given for a parameter change o f ± 25 %. Also shown are the relative 
changes in modelled daytime (Fu day) and nighttime (Fu „¡ght) net exchange.
Percentage change in 
Ft for the specified 
parameter change
Percentage change in 
Ft, day for the specified 
parameter change
Percentage change in 
Ft, night for the specified 
parameter change
Parameter -25 % +25 % -25 % +25 % -25 % +25 %
rs -11.5 11.5 -13.1 13.1 -1.0 1.0
r s -18.1 18.1 -15.8 15.8 -32.9 32.9
Rs 9.9 -6.5 11.3 -7.4 1.1 -0.7
R« -3.2 2.3 -2.5 1.7 -8.1 6.0
Ra+ Rb 10.0 -8.2 10.4 -8.5 7.4 -6.4
Rae + ^bg 13.5 -9.1 10.9 -7.3 30.2 -21.2
Xa 4.6 -4.6 3.9 -3.9 8.9 -8.9
6.6 Discussion
6.6.1 Seasonally varying param eter is ations
The seasonal variation in stomatal, cuticular and in-canopy resistances was 
parameterised through the seasonal change in measured meteorological parameters 
such as St, RH  and u* and also from changes in LAI or canopy height. 
Parameterisations o f the stomatal and ground layer emission potentials were 
provided for key periods o f the year (Table 6.2). Fixed values of Ts and r g were used 
to parameterise the pre-cut, grazing and winter period, while time-dependent 
functions were used to model the period of cutting and fertilising, where large 
variation in measured NH 3 exchange was observed.
Table 6.2. Values of stomatal (Ts) and ground layer (Tg) emission potentials for key periods.
Period U U
Pre-cut 630 110
Post-cut and post fertilisation Max: 28,000 Max: 35,000
Grazing 4000 5000
Winter 630 110
Smith et al. (2000) describe a model, which is used to provide dry deposition 
estimates o f pollutants, including NH3 , to the UK. This model only incorporates a 
single-layer resistance approach for NH 3 exchange, it uses a fixed stomatal emission 
potential of 3,800 for both grassland and arable land. The results presented here
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indicate that an emission potential of 3,800 would be an overestimate in the winter 
and pre-cut period and a significant underestimate during the cutting and fertilising 
period. The value is similar to those used in the grazing period, although the two- 
layer model would give larger emission as it models the two different pathways of 
exchange, from the soil and from the plant. It would be interesting to examine the 
consequence o f using a seasonally varying emission potential in the UK model. The 
reduced emission potential in the winter would increase deposition to grassland, 
therefore possibly reducing deposition to semi-natural areas and result in a decrease 
in critical load exceedance. Conversely, the increased emission potential in the 
summer period would lead to more NH3 being available for deposition to semi­
natural areas and a possible increase in critical load exceedance.
6.6.2 Perform ance o f  the two-layer m odel
The two-layer canopy compensation point model provided close agreement with the 
measured NH3 fluxes. In particular, the agreement for a range o f different periods, 
exhibiting different NH 3 exchange characteristics is encouraging. The sensitivity 
analysis demonstrated that the modelled net NH 3 exchange is not too sensitive to 
changes in the key input parameters. A change o f ± 25% in the input parameters 
resulted in a percentage change in the modelled net NH 3 exchange o f between 2.3 to 
18.1%. As expected for a fertilising period, the modelled net NH3 exchange was 
most sensitive to Tg.
One o f the advantages o f the two-layer model is that it is capable o f modelling 
emission from the plant and from a ground layer source. However, this does increase 
the complexity o f the modelling task and it is a challenge to partition the contribution 
o f the emission from these two sources. Correctly modelling nocturnal emissions 
provides some confirmation o f the choice o f r gand this was the method employed in 
the grazing and fertilising period. Future work could develop fully seasonally 
varying emission potentials. However, the emission potential estimates are currently 
empirical and it would clearly be an improvement to model them in a mechanistic 
approach, in relation to the plant and soil N H / availability. This is the approach 
followed in dynamic ecosystem models and the application of such a model to the 
Easter Bush measurements is described in Chapter 7.
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Chapter 7: Modelling NH3 exchange at Easter Bush: 
dynamic ecosystem modelling
7.1 Introduction
The previous chapter described results from the application o f a two-layer resistance 
model to the Easter Bush NH3 exchange measurements. The advantage o f the 
resistance modelling approach is the simplicity of the model, which enables 
processes o f NH 3 exchange to be explored in a relatively straightforward manner. In 
addition, as the number o f input variables required is not too onerous, the model can 
be incorporated into national or international modelling approaches, allowing 
generalisation over a larger domain. However, the parameterisation o f emission 
potentials within the resistance modelling approach is currently empirical. The 
development o f bioassays to measure apoplastic NH4+ concentration should reduce 
the empiricism, but there are still uncertainities about the magnitude o f the bioassay 
estimates of apoplastic NH4+ concentration (Hill et al., 2001).
Dynamic ecosystem models, however, seek to reduce the level o f empiricism and 
provide a fully mechanistic description of growth, nutrient and water cycling and 
gaseous exchange o f an ecosystem. The advantages o f a dynamic ecosystem model 
compared with a resistance approach are numerous; as an ecosystem model includes 
the soil, plant and atmosphere in a functional way, the interactions between these 
compartments can be explored more thoroughly and a more sophisticated treatment 
o f nutrient cycling can be included. In addition, scenarios o f change in various input 
variables can be examined, allowing the effect o f climate change or abatement 
options (for pollutants) to be explored. Various grassland ecosystem models have 
been developed and some of these are summarised in Section 1.4.4. However, none 
of these models treat bi-directional exchange of NH 3 with a mechanistic approach; 
Riedo et al. (2002) describe the first approach to provide a functional basis for bi­
directional exchange o f NH3 within a grassland ecosystem model named PaSim.
This chapter provides a brief description of the modifications made to PaSim to 
incorporate NH 3 bi-directional exchange, these modifications were made by Dr.
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Marcel Riedo during a fellowship at CEH. Comparisons o f model simulations versus 
1998 NH3 exchange measurements at Easter Bush are given by Riedo et al., 2002. 
This chapter presents comparisons o f simulated values against measured vegetation 
parameters, NH3 exchange measurements in 1999 and also presents results from 
some initial scenarios o f changing management and climate.
7.2 Model description
A full description o f the dynamic ecosystem model, PaSim, is given by Riedo et al. 
(1998) and a description o f the modification o f PaSim to incorporate bi-directional 
NH3 exchange is given by Riedo et al. (2002) (also included in Appendix A l). Only 
a brief description is given here, and the description concentrates on the changes 
made to include NH3 exchange.
Earlier versions o f PaSim did not include bi-directional exchange o f NH3, instead a 
fixed amount o f NH3 deposition was included in the model as a driving variable 
(Riedo et al., 1998). The main modifications to PaSim to enable a better mechanistic 
description o f NH3 exchange were: i) the incorporation of the two-layer canopy 
compensation point model (Nemitz et al., 2001) as described in section 2.4.5, ii) the 
partitioning of plant substrate N into two separate pools, apoplastic substrate N and 
symplastic substrate N  and iii) the separation of the existing single soil layer into 
multiple soil layers including a soil surface layer, allowing a soil surface NH3 
concentration to be defined.
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Figure 7.1. Plant N in PaSim is partitioned into structural N, WKslruc„ apoplastic substrate N, WNapo, 
and symplastic substrate N, W^sym. All input/output fluxes o f the N pools are shown except for the 
losses from grazing and cutting (from Riedo et al., 2002).
Incorporating the two-layer canopy compensation point model into PaSim involved 
introducing the two emission potentials, the foliar emission potential, described by Xs 
and the ground surface emission potential, characterised by xg- All the transfer 
resistances except i?w, were already present in PaSim for the calculation of 
évapotranspiration, so a parameterisation for R w was introduced (Eq. 2.56). The next 
step was to link the model values o f Xs and Xgto the N dynamics within the model. 
Plant substrate N was partitioned into apoplastic and symplastic substrate N (Fig.
7.1), since NH3 exchange links directly with apoplastic NH4+via stomata. The 
apoplastic NH4+ concentration, [NH4+]apo, was linked to the apoplastic substrate N 
concentration, [N]ap0, and Xs was linked to [NH4+]apo and pHapo via the relationship 
described in Eq. 1.7. The ground surface emission potential, Xg> was calculated as the 
NH 3 concentration in equilbrium with the NH4+ concentration in the soil surface 
solution [NH4+]aq! surface (similarly to Eq. 1.8). The soil surface solution NH4+ 
concentration was found as a fraction of the total ammoniacal N of the soil surface, 
Aamm, surfaCe. The parameter Namm, surface was determined from the various inputs and 
outputs o f N as described in Fig. 7.2. The soil surface layer thickness was defined as 
a variable, set to 1 mm for the results presented here.
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Figure 7.2. Soil ammoniacal N in PaSim is divided among soil surface NHX, and NHX in the different 
soil layers. Soil surface NHX is partitioned between aqueous NH4+, and gaseous and aqueous NH3. Soil 
ammoniacal N is partitioned between aqueous and exchangeable solid NH4+, and gaseous and aqueous 
NH3. All input/output fluxes o f the soil N pools are shown, (from Riedo et al., 2002).
7.3 Model application
The main input parameters for PaSim for the Easter Bush simulations were obtained 
from the measurements described in Chapters 4 and 5. The input parameters include: 
i) site specific parameters, ii) management activity inputs, iii) meteorological inputs 
and iv) background CO2 and NH 3 concentrations. These parameters vary on different 
time-scales.
There are many site specific parameters required; these include the latitude and 
longitude, altitude and slope o f site and various soil properties such as bulk density, 
clay, sand and silt fraction, saturated water content and saturated hydraulic 
conductivity, soil pH and main rooting depth. The soil parameters were obtained 
from the measurements described in section 4.5. There are, however, some model 
parameters, which cannot be measured (e.g. the C and N content in specific soil 
pools such as slow and passive organic matter). These parameters were obtained by 
PaSim generating equilibrium values during a steady-state simulation run over a
¡I.NH3 F N ¡a¡m a m m  F N j c r ta n w t F \ j  manure¡NH44- r  NtW-uic ï 1 N ,cu tic le ,so ilF   urine F  ri
Xsoil, [NH3]aq, [NH4+]Jaq
i
F N,dijf,amm 5 F 'N,conv,amm
[NH3]g, [NH3]aq, [NH4+]aq, [NH4+]
F n , diff, a mm ? ̂ N , con v, a
[NH3]g, [NH3]aq, [NH4+]aq, [NH4+]
n1 if1 N.diff.amm j 1 N,conv,a
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large number o f years (« 100). Meteorological daily weather data over eight years 
(1990-1998) were repeated throughout the steady-state simulation so as to get an 
averaged representation of the climate. This data was obtained from the UK Met 
Office (Land Surface Observation Stations Data) for the observation station at Bush 
House.
The management activity inputs required in PaSim are timing of cutting and 
fertilisation, fertiliser type and amount (separated into ammoniacal and nitrate 
fractions and organic fertiliser), animal stocking density and duration of grazing. 
These inputs were obtained from the management record (Table 4.3) and from the 
record o f grazing (Figs. 4.16-4.19). Only grazing by dairy cattle is explicitly included 
in PaSim and therefore the sheep stocking density was converted to equivalent cattle 
stocking density by assuming a livestock unit o f 0.08 for sheep. Meteorological input
9 1parameters required for PaSim are: global radiation (W m ' ), precipitation (mm d' ), 
air temperature (K), water vapour pressure (kPa) and wind speed (m s '1). Hourly 
values of these parameters were obtained from the measured values given in section 
4.2. Background concentrations of CO2 were assumed to be constant (= 350 ppb), 
while hourly concentrations o f NH 3 were obtained from the top measurement height 
of the AMANDA analyser.
New model parameters introduced during the incorporation of NH 3 exchange were 
either derived from literature or parameterised by fitting the model output to 
measurements of NH 3 exchange at Easter Bush in 1998. Full details of which values 
were derived from literature and which were parameterised are given by (Riedo et 
al., 2002). A comparison of measured and simulated parameters for 1998 is also 
given by (Riedo et al., 2002). It should be noted that the comparison of simulated 
parameters against 1999 measurements presented here is without any further change 
to the model.
7.4 Results
7.4.1 M odel com parison against m easured vegetation param eters
As PaSim provides a dynamic description o f the growth and nutrient cycling of the 
grassland, simulated parameters o f growth, biomass and nutrient concentration can
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be compared with measurements conducted at Easter Bush throughout the season. 
Such comparisons are presented in Figs. 7.3-7.6 , for the measurements conducted in 
1999. The measurements themselves are described in more detail in Chapter 4. As 
measured values for 1999 were not used to parameterise PaSim, they serve as an 
indication o f how well PaSim is capturing the grassland dynamics.
The seasonal variation in measured and simulated biomass (dry matter m"2) for 
Easter Bush S field is presented in Fig. 7.3 for 1999; measured data are not presented 
for the N field as it did not receive a 2nd cut. The simulated change in biomass 
compares well with the measured values, except for after the second cut when PaSim 
simulates continued grass growth and a higher value of biomass despite grazing and 
senescence in the field. This is a feature o f PaSim that has previously been 


















Figure 7.3. Measured shoot dry matter (DM) in S field and simulated shoot dry matter in PaSim for 
1999.
The seasonal variation in measured and simulated canopy height is presented in Fig.
7.4 for 1999. This demonstrates that PaSim simulates the initial canopy height in 
April fairly well, but underestimates the increase in height from mid-May while 
overestimating the canopy height as the second cut is approached. After the 2nd cut 
PaSim also overestimates the height; this is consistent with the overestimation in 
biomass (Fig. 7.3).
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Figure 7.4. Measured canopy height in N and S field and simulated canopy height in PaSim for 1999.
The seasonal dynamics in measured and simulated leaf area index is presented in Fig. 
7.5. In a similar manner to the canopy height comparison, PaSim underestimates LAI 



























Figure 7.5. Measured LAI in S field and simulated LAI in PaSim for 1999.
h'-
CNJ
The time-course in measured and simulated total foliar N content is presented in Fig. 
7.6 for 1999. The timing and general dynamics o f the increase and decrease in foliar 
N are captured by the simulated values, but the magnitude o f the changes in 
measured foliar N content is underestimated.
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Figure 7.6. Measured total foliar N content in N and S field and simulated total foliar N content in 
PaSim for 1999.
Measured bioassay and simulated values o f apoplastic NH4+ content are presented in 


























Figure 7.7. Measured apoplastic NH4+ content in S field and simulated apoplastic NH4+ content in 
PaSim for 1998.
As discussed in section 5.5.3, the bioassay measurements o f NH4+apo are larger after 
the second cut and fertilisation, which is in contrast to NH3 emissions which were 
much greater after the first cut. Pasim, however, shows larger values of NH4+apo after
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the first cut and fertilisation, which is consistent with the NH 3 emissions observed. It 
is also notable that the bioassay measurements are significantly lower then the 
simulated values (up to two orders o f magnitude lower).
Values o f Ts (= [NH4+]apo/[H+]apo) obtained from the bioassay measurements and 
simulated values of Ts are presented in Fig. 7.8. A similar pattern to NFL}+apo is 
observed, except that the increase after the first fertilisation is smaller, which is due 
to a corresponding decrease in bioassay pHapo during this period (data not shown 




























Figure 7.8. Measured Ts in S field and simulated Ts in PaSim for 1998.
The simulated seasonal dynamics o f the plant N pools are presented in Fig. 7.9, 
which compares values o f total foliar nitrogen, total substrate N concentration 
(apoplastic plus symplastic), apoplastic substrate N and rs. The simulated values are 
broadly similar to those observed for 1998 as shown by Riedo et a l (2002), although 
there are substantial differences at the daily and weekly scale. In particular, the 
simulations presented for 1999 include the increase in N concentration following the 
first fertilisation in spring (4/4/99), which was not shown for 1998. The seasonal 
variability is greatest for Fs and Napo? followed by Nsub> with Ntot showing the least 
variation.
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Figure 7.9. Simulated seasonal dynamics o f plant N pools and r s for 1999. (a) Plant total N 
concentration Nlo„ plant substrate N concentration Nsub. (b) Apoplastic substrate N concentration Napo, 
r s (apoplastic NH4+ to H+ concentration ratio). The N concentrations are given as dry weight. Vertical 
lines indicate cutting (dashed lines) and fertilisation (solid lines). For dates and amounts of fertiliser 
input see Table 4.3.
7.4.2 M odel com parison against m easured am m onia flu xe s  fo r  1999
The simulated and measured total NH 3 exchange is presented in Fig. 7.10 for June 
1999. The field was cut on 2/6/99 and fertilised on 11/6/99. The simulated values 
demonstrate a similar temporal variability to the measured NH 3 exchange and the 
initial cutting emissions are in good agreement. However, simulated cutting 
emissions are underestimated on 9 and 10/6/98 and the emissions after fertilisation 
are also underestimated, particularly on 14-16/6/98. The decline in emissions from 
17-30/6/98 is captured well by the model.
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Figure 7.10. Measured and simulated total NH3 flux for June 1999. Vertical lines indicate cutting 
(dashed lines) and fertilisation (solid lines).
7.4.3 C om ponent flu xe s  o f  m odelled N H 3 exchange
The simulated component fluxes of NH3 exchange (stomatal flux, cuticular flux and 
soil flux) and the net exchange are presented in Fig. 7.11 for June 1999. The stomatal 
flux provides the largest contribution to the net exchange for most of this period, 
with the soil flux only showing emission for the day and a half after fertilisation. The 
cuticular component is also small except for during 11 and 12/6/98 indicating that 
most o f the stomatal emission flux during this period is emitted to the atmosphere 
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Figure 7.11. Simulated component fluxes o f NH3 exchange (stomatal flux, cuticular flux and soil 
flux) and the total NH3 flux for 1-19/6/99. Vertical lines indicate cutting (dashed lines) and 
fertilisation (solid lines).
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7.4.4 Results o f  m anagem ent scenarios
Although there are observed differences between the simulated values and 
measurements, the agreement in the temporal variation and general dynamics of 
growth indicators, N content and net NH3 exchange is encouraging. The performance 
o f the model against the measurements provides confidence in the general 
description o f processes within the model. The model can then be run in a predictive 
capacity to provide values o f simulated NH3 exchange for scenarios of changing 
mangement or climate. This is the strength of a dynamic model and although only a 
few key scenarios are presented here, these demonstrate the possibilities of utilising 
PaSim to explore changing management, climate, pollution climate or other drivers 
on NH 3 exchange.
Effect o f  changing N  input rates
The first scenario presented in Fig. 7.12 is of changing the amount o f fertiliser input. 
Although, as expected, increasing the fertiliser input does increase emissions o f NH3 , 
there is a non-linearity in the increase in modelled NH 3 emissions. Table 7.1 gives 
the change in simulated accumulated net flux for 7/5/1998 - 11/12/1998 for the three 
contrasting fertiliser application rates. There is an increase in accumulated net flux 
from 1.9 kg N ha ' 1 to 3.32 and 6.20 kg N ha" 1 for the 2x and 5x increase in fertiliser 
input, respectively. This is equivalent to 1.7x and 3.3x the original simulated 
accumulated net flux.
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Figure 7.12. Simulated total NH3 flux for 1/5/1998-11/12/1998 with the original rate o f  fertiliser N 
application plus 2x and 5x the original rate o f fertiliser N application.




2 x N  
input
3 x N  
input
Accumulated net flux 1.90 3.32 6.20
(kg N ha"1)
Percentage Change - +74% +225%
Increase compared with - 1.7x 3.3x •
actual input
Effect o f  changed timing o fN fertiliser application
The second scenario presented is the effect o f changing the timing of fertiliser 
application on the NH 3 exchange. Total NH 3 flux is presented in Fig. 7.13 for two 
simulations, i) with the actual dates o f fertiliser applications and ii) with fertiliser 
applications delayed by two weeks. The same fertiliser N inputs are used in each 
simulation. The simulated NH3 emissions are seen to be reduced by this simple 
measure of delaying the fertiliser application. Table 7.2 gives the change in 
simulated accumulated net flux for 7/5/1998 - 11/12/1998 for the two different 
application dates. There is an overall decrease in accumulated net flux from 1.9 kg N 
ha ' 1 to 1.62 kg N ha ' 1 for the delayed fertiliser application, this is equivalent to a 15%
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decrease. The corresponding changes in the component flux values (Table 7.2) 
demonstrate that this decrease arises from a reduced stomatal emission flux, while in 
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Figure 7.13. Simulated total NH3 flux for 1/5/1998-11/12/1998 with the original timing of fertiliser 
applications on 9/6/1998 and 5/8/1998 and with fertiliser applications delayed by two weeks.
Table 7.2. Changes in simulated accumulated net flux for 7/5/1998 - 11/12/1998 for different timing 
o f fertiliser application.
Accumulated Accumulated Accumulated Accumulated
Net Flux Stomatal Flux Cuticular Flux Soil Flux
(kg N ha '1) (kg N h a '1) (kg N h a '1) (kg N ha"1)
Original date o f fertiliser 1.90 3.24 -0.80 -0.54
application
Delayed date of fertiliser 1.62 2.69 -0.73 -0.34
application by 2 weeks
Percentage Change -15.2% -17.0% +8.6% +36.2%
7.4.5 Results o f  clim ate scenarios
The third scenario presented is the effect of changing air temperature on NH 3 
exchange (Fig. 7.14). The NH3 emissions would be expected to increase with 
increasing temperature due to the temperature response o f the compensation point 
and other emission processes. The accumulated NH 3 flux does increase with 
increasing temperature, but it is interesting to note that there is a non-linear response 
and the response is not as large as the 60% increase expected from an increase of
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3 °C purely on the basis o f the thermodynamics o f ammonia (Eq. 1.7). Decreasing 
the model input air temperature by 3 °C reduces the accumulated NH3 flux by a 
greater amount than the corresponding increase in accumulated NH 3 flux observed 
when the model input air temperature is increased by 3 °C. In these simulations, 
absolute humidity was kept constant. To counteract any changes in relative humidity 
due to rising temperatures, a further simulation was conducted o f changed 
temperatures, but the relative humidity was kept constant. This slightly reduced the 
effect o f the 3 °C increase in temperature on the accumulated NH3 flux compared 
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Figure 7.14. Simulated accumulated net NH3 flux for 1/5/1998-11/12/1998 for different inputs of 
model air temperature. T(0) is the measured air temperature, T(+3) and T(-3) are measured air 
temperature plus and minus 3 °C, respectively while T(+3) constant RH is measured air temperature 
plus 3 °C while keeping the relative humidity constant.
PaSim can also be used to investigate the temperature response o f NH3 emission for 
a particular case period. Fig. 7.15 presents the increase in mean NH 3 flux for 
9/6/1998 (the first day after fertilisation) for various changes in the input of model air 
temperature. The theoretical increase due purely to the thermodynamics o f NH3 
solubility and volatilisation is also shown in Fig. 7.15. This shows clearly how the 
modelled emissions from PaSim, although they include the thermodynamic effects,
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are modified substantially from the thermodynamic response by other interactions 
within the model.
T (sim ulated) - T (actual) (°C)
Figure 7.15. Simulated mean NH3 flux for 9/6/1998 for changing model input air temperature, also 
shown is the expected increase in NH3 flux according to the thermodynamic increase in compensation 
point with temperature.
7.5 Discussion
7.5.1 M odel com parison against m easured vegetation param eters
The general performance o f PaSim against the measured vegetation parameters is 
reasonable; the biomass, canopy height and LAI are generally similar to the 
measured values, except for after the 2nd cut when PaSim overestimates the 
productivity o f the grassland (also observed by Riedo et al., 1988). This is an issue, 
which would need to be addressed in future versions o f the model. However, for the 
analyses presented in this thesis the period o f most interest is that around the cutting 
and fertilising events, so the overestimation of productivity at the end o f the season is 
not considered to have too detrimental an effect on these results.
The comparison o f simulated foliar N content with the measurements indicates a 
possible area for improvement of PaSim. It seems that although the simulated foliar 
N content has a similar temporal variability to the measured values, the magnitude of 
the changes is not represented. The decrease in measured foliar N content through
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April and May is due to growth dilution, which occurs where plant growth is faster 
than plant uptake o f N. The simulated values also show growth dilution, but the 
change in foliar N content is smaller than that observed in the measurements. The 
increase in foliar N after each cutting and fertilising event, observed in the 
measurements is also observed in the simulated values but again the increase is not 
as prominent. This difference between the simulated and measured values indicates 
that the rate o f N transfer between the N pools in PaSim (described in Fig. 7.1) is 
either too large or too small at certain times. For example, if  too much N is available 
for plant uptake in the model as the plant is growing then the effect o f growth 
dilution will be dampened. This therefore suggests the existence of an additional 
restriction to plant N uptake in the field, which is not parameterised in the model.
The comparison of the simulated values o f apoplastic NH4+ content and Ts again 
show similar temporal variability, but there are substantial differences in both the 
magnitude of the values and the fact that the bioassay measured values are larger 
after the 2nd cut than the 1st. However, as discussed in Section 5.5.3, very few 
bioassay measurements were made after the first cut and fertilisation, so these results 
are less certain. The larger simulated values o f NH4+ content and Ts after the 1st cut 
are consistent with the measured NH3 emissions being larger after the first cut. Aside 
from simulated values o f NH4+ concentration and rS) estimates can also be made via 
micrometeorological measurements or with controlled cuvette studies (see Section
1.3.1). Lower estimates o f apoplastic NH4+ concentration and Ts from bioassay 
measurements compared with estimates from cuvette measurements have been 
observed in numerous studies (e.g. Hill et ah, 2001 and Loubet et al., 2002). This 
inconsistency between bioassay and cuvette estimates has been referred to as the 
“apoplastic gap”. Consequently, it is perhaps no surprise to observe similar 
differences between the bioassay estimates and the PaSim simulated values. In 
noting this, it is important to recognise that the bioassay values would be too small to 
generate any significant stomatal emissions, while the Ts values simulated in PaSim 
are reasonably consistent with the values o f Ts that were derived directly from the 
micrometeorological measurements (see Chapter 6 ).
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7.5.2 M odel com parison against m easured flu xe s
The agreement of the simulated NH3 fluxes against measured values (Fig. 7.10) is 
remarkably close given the large variation in measured fluxes over this period and 
considering that parameterisation of the model for NH 3 exchange was conducted 
against 1998 measurements. PaSim does, however, overestimate the NH 3 emission 
on the first two days after fertilisation and then underestimates the emission for the 
following four days. The measured NH 3 fluxes show nocturnal emissions occurring 
three to seven days after the fertilisation application, indicating that soil emissions of 
NH3 continue until this time. PaSim, however, only simulates soil emissions o f NH3 
for the first one and a half days after fertilisation, this is likely to be largely due to the 
fertiliser dissolution rate into the soil being currently set at one day in PaSim. This is 
probably too rapid and it is likely that NH4+ is still present in the soil surface layer a 
number of days later, leading to the observed NH3 emissions. An improvement to 
PaSim would be to reduce the fertiliser dissolution rate and link it to precipitation 
and humidity.
7.5.3 Scenarios o f  changing clim ate and m anagem ent
The strength of a fully functional dynamic model is that it can be run in a predictive 
capacity for changed inputs. However, caution is required when interpreting PaSim 
results for changing scenarios, as not all processes are necessarily fully understood. 
This is particularly true for the effect of changing temperature. According to the 
thermodynamics o f ammonia (see section 1.3.1) the stomatal compensation point 
doubles with every 5 °C increase in temperature and increases by 60% for a 3 °C 
increase in temperature. However, Fig. 7.14 and 7.15 show that although the 
simulated NH3 flux does increase with increasing temperature, the increase is not as 
large as would be expected purely on the basis of the thermodynamics o f ammonia. 
This shows clearly how the modelled emissions from PaSim, although they include 
the thermodynamic effects, are modified substantially from the thermodynamic 
response by other interactions within the model. For example, the increased growth 
o f the plant in warmer conditions may dilute the apoplastic NH4+ concentration 
thereby reducing the compensation point and NH3 emissions and offset the effect of 
increasing temperature.
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The scenario o f changing the timing o f the fertiliser application suggests that NH3 
emissions could be reduced by 15%  by this measure. As shown in Chapter 5, grass 
cutting induces NH 3 emissions, possibly through reduced utilisation o f the available 
N and accumulation o f NH4+ in the plant tissues. It is hypothesised that, i f  fertiliser N 
is applied immediately after cutting then the plants are less able to utilise this 
additional N and this leads to increased emission. Delaying the fertiliser application 
by a couple o f weeks gives the plants a chance to recover and by then they are more 
able to utilise the increased N. In addition, as the canopy regrows, there is increased 
potential for any soil emission o f NH3 to be recaptured by the canopy. Delaying 
timing o f fertiliser applications has potential as an NH3 abatement option, as it 
involves only minimal additional cost to the farmer. PaSim estimates there to be only 
a 4% reduction in simulated dry matter production at the time o f the next cut.
The scenario o f increasing N input rates demonstrates a non-linearity in the 
corresponding increase in NH3 emissions. A  2x and 5x increase in fertiliser N input 
results in 1.7x  and 3.3x the original simulated accumulated net NH3 flux. Most o f the 
net NH3 emission is due to stomatal emission (e.g. Fig. 7 .1 1) , except from the initial 
days after fertilisation when there are soil emissions. Consequently, the increase in 
net NH3 emission is limited by the plant uptake o f increased soil N. A  limit on the 
increase in apoplastic NH4+ content with increasing fertiliser N input could lead to 
the observed non-linearity in the simulated NH3 emissions.
7.5.4 Conclusions
The application o f the grassland ecosystem model, PaSim, for the Easter Bush 
intensive grassland has demonstrated the potential o f such an model to extend the 
understanding o f ecosystem level processes o f NH3 exchange and also its potential to 
explore scenarios o f change and potential abatement options for NH3 emissions. 
There has been a lack o f such ecosystem understanding o f NH3 exchange and the 
benefits o f a model such as PaSim are that for the first time, NH3 exchange is linked 
functionally to N cycling within the soil-plant-atmosphere system.
The results here indicate areas for improvement o f PaSim, such as examining the 
processes at the end o f the season, which lead to PaSim overestimating the
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productivity of the grassland. The difference between measured and simulated foliar 
N content is also interesting and indicates processes, which occur in the field that are 
not yet fully parameterised by PaSim. In addition, the simulation of fertiliser 
dissolution could be improved and linked in a more mechanistic manner to 
precipitation and humidity. The comparison of simulated parameters against 
measured parameters is invaluable for development o f the model.
Also of interest are the responses of PaSim to changing temperature and changing N 
inputs. The simulated NH3 emissions do not follow the expected thermodynamic 
response to rise in temperature and indicate that there are other ecosystem 
interactions which offset the effect of increased temperature on NH3 emissions, such 
as increased growth. These results indicate that the response o f NH3 exchange to 
climate change on an ecosystem level is a result o f complex interactions, which 
require further investigation. The results also highlight the need for models such as 
PaSim, which can investigate the whole ecosystem response to climate change, rather 
than the response o f an individual process.
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Chapter 8: Ammonia fluxes over a managed grassland in 
Germany: The Braunschweig Experiment
8.1 Introduction
In 1998, a European project, GRAMINAE (GRassland AMmonia INteractions 
Across Europe), was initiated to improve quantification and parameterisation of NH3 
exchange with grasslands across Europe. The focus on grasslands arose since they 
cover a large land area throughout Europe and also because grasslands exhibit a 
range o f NH3 exchange characteristics (see section 1.2.4). Prior to this project there 
were few long-term measurements of NH 3 exchange with grassland from which to 
derive parameterisations for deposition modelling across Europe. Long-term 
measurements o f NH3 exchange, with both intensively and extensively managed 
grassland, were conducted within the GRAMINAE project in six countries (UK, 
France, The Netherlands, Switzerland, Greece and Hungary) and the measurements 
presented from Easter Bush in the preceding chapters form the UK contribution. In 
addition to the long-term measurements in the individual countries there was also an 
integrated experiment on NH 3 exchange with intensively managed grassland held in 
Braunschweig, Germany in 2000, involving over 50 scientists (Sutton et al., 2002).
In order to provide a robust dataset of NH 3 exchange with the vegetation, four 
independent continuous flux gradient systems were operated. Each NH 3 gradient 
system was provided and operated by a different institute, details of which are given 
in Table 8 .1 .1 operated the CEH system along with other CEH colleagues. Although 
there have been many inter-comparisons o f ammonia concentration measurements 
(see Section 1.2.2) there have been few inter-comparisons o f ammonia flux 
measurements. This chapter presents the results o f this first major inter-comparison 
o f continuous NH 3 flux measurements. The best estimates o f NH 3 flux and 
concentration from this inter-comparison are then used to explore the pattern of NH3 
exchange with the intensively managed grassland. These results provide a 
comparison with the results obtained at the Easter Bush site in Scotland. These best 
estimates o f NH 3 concentrations and fluxes were also provided to other participants 
in the experiment as a basis for further analyses, for example in quantifying
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advection fluxes (Loubet et al., 2004), assessing the relaxed eddy accumulation 
technique for NH3 (Hensen et al., 2004), modelling the dynamics of ammonia fluxes 




The field site was intensively managed grassland o f approximately 12 ha, located at 
the experimental farm of the German Federal Agricultural Research Centre, 
Braunschweig, Germany (52°18’N, 10°26’E; 79 m asl) (Fig. 8.1). The plant species 
cover was dominated by Lolium perenne (62 %) with Fleum pratense (16 %), 
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Figure 8.1. Map o f the field site in Braunschweig, Germany.
The field was cut for silage on 29/5/2000, the grass removed from the field on 
31/5/2000 and the field fertilised on 5/6/2000 with 108 kg N ha ' 1 o f calcium 
ammonium nitrate. The principal micrometeorological measurement location (Site 1) 
was 380 m from the western edge of the field site (Fig. 8.1). The second
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micrometeorological measurement location (Site 2) was 210 m east o f Site 1 and 36 
m from the eastern edge o f the field. Measurements were made at Site 2 in order that 
any advection o f NH3 from a farm located 610 m west o f Site 1 could be identified 
and quantified.
8.2.2 M easurem ent techniques and im plem entation
Ammonia concentrations were determined in gradient configuration using two 
different measurement techniques (AMANDA and mini-WEDD). The AMANDA 
continuous flow denuder (Wyers et al., 1993) is described in Section 3.3.1. Two 
gradient AMANDAs (each consisting o f 3 denuder inlets linked to a common 
ammonium detector) were deployed at Site 1 and one at Site 2. Concentrations were 
measured sequentially for 2Vi minutes at each o f three heights, resulting in a IV2 
minute profile measurement. These concentrations were averaged to 15 min periods 
for flux calculation. The air-flow rate of the AMANDAs was approximately 25 I 
min ' 1 and the liquid flow rate through the denuders was approximately 1 m l min"1; 
the detection limit was about 0.02 pg NH3 m" . The heights o f the concentration 
measurements varied throughout the measurement campaign according to the canopy 
height, but the maximum height and minimum heights above ground were 2.37 m 
and 0.32 m, respectively.
The second continuous ammonia measurement technique utilised miniaturised Wet 
Effluent Denuders (mini-WEDD), which are silica-coated glass tubes (length 125 
mm) positioned vertically, with continuous flow o f a stripping solution analysed 
online by a four-channel fluorescent analyser (Vecera and Dasgupta, 1991; Neftel et 
al., 1998). The mini-WEDD system was deployed at Site 1. The mini-WEDDs were 
placed at four heights (0.15 m, 0.3 m, 0.6 m and 1.2 m above ground). Elowever, the 
lowest mini-WEDD concentration was not used in the flux calculations as it was
judged to be too close to the canopy. An air-flow rate o f 600 m l min" 1 and a liquid
1  ̂flow rate o f 0.12 m/ min" were used. The detection limit was 0.1 pg NH 3 m" .
Table 8.1 gives details of the ammonia gradient systems.
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Table 8.1: Details o f the different continuous ammonia gradient systems used in the Braunschweig 
experiment.
System System description Sampling
acronym location
FRI AMANDA (3 point profile) operated by Forest Research Institute, Hungary Site 1
FAL-CH Mini-WEDD (3 point profile) operated by the Swiss Federal Research Station 
for Agroecology and Agriculture
Site 1
FAL-D AMANDA (3 point profile) operated by the German Federal Agricultural 
Research Institute.
Site 1
CEH AMANDA (3 point profile) operated by the Centre for Ecology and 
Hydrology, UK
Site 2
Calibration of all systems was with aqueous standards o f 0, 50 and 500 mg kg" 1 
NH4+, which were prepared centrally and distributed amongst the ammonia analyser 
operators. In addition, unknown quality control standards were distributed on three 
occasions to test the accuracy o f the analysers. On each occasion, two unknown 
standards were distributed and the difference in concentration measured by each 
analyser was compared with the actual concentration difference.
8.2.3 D ata processing  procedures
The complexities o f data processing are increased by the availability of four 
independent estimates o f NH3 concentration profiles. The following procedure was 
applied:
i. Any periods o f calibration or obvious malfunctioning of each instrument 
were removed from the dataset o f measured concentrations.
ii. Fluxes F t(l m) o f NH 3 and concentrations at 1 m (x (1 m)) were calculated 
using the aerodynamic gradient method according to Section 2.2.1. Flux 
measurements were rejected during periods when the fetch was obstructed by 
other equipment or by the edge o f the field (see Point a. below for details).
iii. F t(l m) and x ( l m )  estimates of the different systems were compared in 
order to identify any periods where one system had clearly malfunctioned or 
underperformed which had not yet been identified. These data were then 
removed.
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iv. Given the different estimates of the four systems, gaps in the data create an 
artificial change in the mean estimate when one system goes offline or comes 
back online. To avoid this artefact, gaps of < 6  hours in each instrument were 
filled for F t(l m) and x (l m) (see Point b. below for details).
v. As the flux measurements were made at two sites, different vertical flux 
divergence will apply due to horizontal advection where local sources are 
present. Advection corrections for 1 m above d  were calculated by Loubet et 
al. (2004) for the Site 1 and Site 2 measurements and these were applied to 
the measured fluxes, resulting in an estimate o f the fluxes at the canopy 
surface (Ft (z0)) (see Section 8.3.3). No corrections to the data for the 
potential effect of chemical production or consumption are made here, but 
this effect is assessed by Nemitz et al. (2004).
vi. The “mean gradient estimate” (subscript mg) was then calculated for (Ft (z0)) 
and x (lm ), as the arithmetic mean o f all available individual measurements. 
At the same stage, corrections for storage errors were also applied.
vii. The data were fdtered according to the passing or failing of a set o f defined 
micrometeorological criteria (see Point c. below for details). Data failing 
these criteria were retained in the dataset, but distinguished as being of lower 
reliability.
Point a. There was a substantial amount o f measurement equipment at Site 1,
concentrated on a N-S axis, as well as three mobile laboratories in the N 
direction. As a result o f this, flux measurements from the FAL-D and FRI 
gradient systems were rejected for wind directions from both the N and S 
directions (0°- 20° and 180°-190° rejected). Flux measurements from the 
FAL-CH gradient system were rejected for winds from the NNE direction 
(10°- 45°), as this system was positioned on a outlying arm to the SW of 
the main axis and did not have equipment obstructing its fetch in the S 
direction. Due to the close proximity of the edge o f the field to the east of 
Site 2, flux measurements were rejected at this site for wind directions 0°- 
170°.
181
A m m onia exchange over a m anaged grassland in G erm any Chapter 8
Point b. The gapfilling technique involved calculating the ratio o f the individual 
flux measurement to the mean estimate at the start and end of the gap and 
then interpolating this ratio. This interpolated ratio was then multiplied by 
the available mean estimate to fill in missing data. This method propagates 
the deviations from the mean present at the start and end of the gap and 
limits the occurrence of step changes in the flux when individual analysers 
fail or are restored in the dataset. As stated above, only gaps of < 6  hours 
were filled.
Point c. Finally, the data were filtered according to micrometeorological criteria to 
identify periods where the fluxes are estimated with less certainty. These 
micrometeorological criteria were: u (1 m) < 0.8 m s '1, | L | < 5 m and 
cumulative normalised footprint function (CNF) < 65%. The cumulative 
normalised footprint function was calculated using the Kormann and 
Meixner (2001) formulation (see Section 2.3.1).
8.3 Results
8.3.1 D ata processing  and results o f  data filte r in g
The results o f the data processing procedures are shown in Table 8.2. These figures 
indicate that high data coverage at individual sites was achieved even after periods of 
malfunctioning and obstructed wind sectors were removed. Flaving four estimates of 
the flux leads to a “mean gradient estimate” o f the flux with an overall data coverage 
o f 97%. This highlights the advantage of having a number o f independent systems to 
achieve a robust estimate o f the flux. This data coverage is reduced to 6 8 % if the 
fluxes, which are calculated with less certainty are removed, showing that 
meteorological conditions (low windspeed, stable conditions) are the main limitation 
to obtaining a complete flux dataset. Data on the application of the gapfilling 
procedure reveal that FAL-CH had the greatest number o f gaps filled and that the 
median gap length varied from 15 mins (FAL-D) to 90 mins (CEH) (Table 8.3).
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Table. 8.2. Results o f data processing procedures, data covers period 21/5/00 10:00-15/6/00 12:15.
Data-processing
Proceedure
No. o f valid (15-min) Ft data points 





















1912 1510 1893 1037 79 63 79 69




1400 1451 1841 1012 58 60 76 68
iii) Gaps filled 
with procedure 
outlined in Section 
8.2.3
-
1557 1531 1968 1372 65 64 82 92
iv) Mean gradient 
estimate
2346 - - - - 97 - - - -





“FAL-CH gradient data starts on 30/5/00 22:15, % data coverage calculated for period 21/5/00 10:00 
- 15/6/00 12:15, c% data coverage calculated for period 30/5/00 22:15 - 15/6/00 12:15.
Table. 8.3. Results o f  the application of the gapfilling procedure, data covers the period 21/5/00 
10:00-15/6/00 12:15, except for FAL-CH where data covers the period 30/5/00 22:15 - 15/6/00 12:15.
CEH FRI FAL-D FAL-CH
Number o f gaps filled 23 13 31 71
Median gap length (mins) 90 30 15 30
Std. dev. o f gap length (mins) 67 107 87 83
8.3.2 Tem poral intercom parison o f  gradient m easurem ents
The range of NH3 concentrations at 1 m from the four different systems are shown 
for example days from the pre-cut, post-cut and post-fertilisation periods in Fig. 8.1.
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Figure 8.1. Examples o f NH3 concentration (y (1 m)) for the four different systems for pre-cut, post­
cut and post-fertilisation periods, all dates are in 2000.-
This figure shows that there are periods o f close agreement (e.g. 6 th and 7th June 
2000) and periods o f substantial difference (e.g. 8 th June). It can be seen that for 
certain periods (31/5-2/6/2000) there are consistent concentration differences 
between the different instruments with FAL-D generally reading higher 
concentrations than CEH and FAL-CH.
The blind testing o f the aqueous ammonium Quality Control standards by the 
different analysers did indicate periods of significant concentration differences 
(Table 8.4). In particular, the result of FAL-D over-reading by 41% on 31/5/00 is 
consistent with Fig. 8.1b. However, the small number o f tests meant that it was not 
possible to adjust the concentrations in an objective manner and so the quality tests 
were used for interpretation rather than adjustment.
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Table 8.4. Results o f the blind testing o f aqueous ammonium Quality Control standards. The blind 
standards were prepared by a separate laboratory (ECN, Netherlands). On each occasion two 
standards were distributed, the difference in concentration measured by each analyser was compared 




QC standard 1 
(mg I'1)
[N H /]aq of 
QC standard 2 
(mg l '1)
% difference in concentration 
compared with the unknown standards 
FRI FAL-D FAL-CH CEH
25/5/00 22 84 44a 13 21 16
31/5/00 16 98 16 41 n/a 10
6/6/00 273 38 4 21 n/a -3
“This test was conducted on 22/5/00 for FRI and a contaminated stripping solution container was 
found to be the cause.
Measurements o f NH3 exchange from the four different systems are presented in Fig. 
8.2 for the pre-cut, post-cut and post-fertilisation periods. The flux intercomparison 
highlights various features. Firstly, it demonstrates the changing pattern o f NH 3 
exchange during the experiment; before the cutting of the grass, the flux was 
predominantly deposition to the surface with generally larger deposition at nighttime. 
After the cutting o f the grass, the NH3 exchange changed to predominantly emission
9 1with emission fluxes o f up to 550 ng m' s' , while after fertilisation the fluxes
9 1increased to values o f up to 6000 ng m' s' . The emission fluxes peaked in the 
daytime and were generally close to zero during nighttime. As in the comparison of
1T1 tF>concentration, there were periods of close agreement (e.g. 6  and 7 June 2000) and 
periods of disagreement (e.g. 1st and 8 th June 2000). However generally the fluxes 
from the different systems showed a similar structure and similar response to the 
management activities on the field. The larger flux values (e.g. FAL-D on 1st and 2nd 
June 2000) were generally coupled with larger concentrations at 1 m although this 
was not always the case (e.g. FAL-D and FRI on 8 th June 2000).
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Figure 8.2. Example o f NH3 exchange (Ft) from the 4 different systems for pre-cutting, post-cutting 
and post-fertilising periods.
8.3.3 A ssessm ent o f  advection corrections
Estimates o f the difference in the vertical flux due to advection (the advection error, 
AFZiadv) were derived from both measurements and modelling by Loubet et al.
(2004). The modelled estimates of AFt,adv were applied to correct the flux 
measurements (Ft( 1 m)) in order to provide an estimate o f the fluxes at the canopy 
surface (Ft (z0)). The magnitude of the advection errors at Site 1 and the advection 
error as a % o f (Ft(l m)) for the whole period are presented in Fig. 8.3. Loubet et al. 
(2004) estimate that the advection corrections at Site 1 due to the farm, 610 m to the
9 1west, ranged between 0 and 30 ng m' s' . However, few periods o f advection from
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the farm were observed due to the wind being predominantly from other directions. 
As well as advection from the farm emissions, advection corrections also occurred 
due to NH3 emissions from the field itself and these generally ranged between 0 and 
20% of (Ft(lm )). The advection corrections due to the farm were positive and would 
lead to underestimation o f deposition if  corrections were not applied. Conversely, the 
advection corrections due to the field itself after cutting and fertilising were negative 
and would lead to underestimation o f emission if  corrections were not applied.
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Figure 8.3. Advection error, F t>adv as an absolute value and as a % of the flux (F,(l m))
8.3.4 Regression analysis o f  gradient m easurem ents 
Regression o f  x  (lm ) and F, (z0)  against FAL-CH
Plots o f x(l m) from FAL-D and CEH versus FAL-CH are shown in Fig. 8.4a and b. 
FAL-CH was used as the reference in this analysis because it was present at site 1 
and also because it helps to illustrate the variation in the response o f the FAL-D 
AMANDA. For FAL-D, x(l ni) and F t(z0) agree well with FAL-CH across the data 
range for some o f the time. However, there are a considerable number o f data points 
that greatly overestimate the concentration and flux compared with FAL-CH. The 
fact that this is not evident for the whole period suggests that there was some 
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for example due to variation in the accuracy of the calibration. In addition, 
temperatures inside the analysers reached 40 °C on some days (data not shown). 
Although the concentration measurements are corrected for temperature, 
uncertainties in the temperature correction could lead to inaccurate estimation of 
concentrations. A similar pattern was seen for FRI, %(1 m) and Ft(z0) (data not 
shown). CEH, x (l m) and Ft (z0), underestimate the FAL-CH values but do not show 
the variation in agreement demonstrated by FAL-D and FRI.
x 0  m)FAL-cH (W3 m’3) NH3 flux FAL_CH (ng rrf2 s '1)
Figure 8.4. Regression o f a) y (lm ) and b) NH3 flux, from FAL-D and CEH against FAL-CH.
Regression o f  % (1 m) and F, (z0) against mean gradient estimate
After the data processing procedures were conducted as detailed in Section 8.2.3, the 
“mean gradient estimate” was calculated for Ft and y(l m) (Ft,mg and x (l m)mg), this 
is the arithmetic mean of all available individual measurements. The regression of x 
(1 m)mg versus the individual systems is shown in Fig. 8.5a and b and the regression 
results are given in Table 8.5. These data have been corrected for advection but not 
for storage errors.
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Figure 8.5. Regression o f y (l m) from each system against mean gradient concentration, y (l m)mg, 
for a) FAL-D, CEH, and b) FRI, and FAL-CH, respectively. Data from 3, 8, 9 and 10/6/00 are not 
included in the regression.
Data from 3, 8 , 9 and 10/6/00 are not included in the regression because on these 
days there is significant disagreement between the systems with FAL-D and FRI 
giving higher estimates compared with the CEH and FAL-CH estimates. To include 
the FAL-D and FRI estimates for these days in the regression would bias the 
regression towards FAL-D and FRI and may give a false impression of the overall 
dataset.
Table 8.5. Summary o f linear regression results o f y (l m) o f the individual systems versus x(l m)mg 
expressed in pg m"3, given as y (l m)indivitI = c * y (l m)miJ + b. The estimates are derived from the data 
shown in Fig. 8.5. Data from 3, 8, 9 and 10 June are excluded.
c (slope) b (intercept) n 2r
X(! m)FRi 1.15 -0.68 1156 0.95
x (l m ) FAL-D 1.00 1.19 1589 0.94
x (l m)FAL-CH 0.92 -0.31 1015 0.94
X(1 m)cEH 0.82 -0.14 1377 0.94
With data from 3, 8 , 9 and 10 June removed, Fig. 8.5a and b demonstrate that there is 
good agreement (see Table 8.5) o f x (l m) between each individual system and the 
mean estimate and this agreement is encouraging across the concentration range. As 
indicated by the time series graphs, FAL-D and FRI show slightly higher 
concentrations than the best estimate, whilst FAL-CH and CEH show slightly lower
„ 9  . . .
concentration. The r value for all the regressions is high (all > 0.94) which gives
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confidence in the four systems and the overall mean gradient estimate. The 
regression o f F t,mg versus Ft from the individual systems is shown in Fig. 8 .6 a and b 
and the regression results are given in Table 8 .6 .
Mean gradient NH3 flux (ng m'2 s '1) Mean gradient NH3 flux (ng m'2 s"1)
Figure 8.6. Regression o f NH3 flux from each system against mean gradient flux for a) FAL-D, CEH, 
and b) FRI, and FAL-CH respectively. Data from 3,8,9 and 10/6/00 are not included in the 
regressions.
Table 8.6. Summary o f linear regression results o f Ft o f the individual systems versus Ft mg expressed 
in ng m"2 s '1, given as F u ndivid = c * F, >mg + b. The estimates are derived from the data shown in Fig. 
8.6.
c  (slope) b (intercept) n r 1
F t  ,FRI 1.08 -4.98 1156 0.98
F t  .FAL-D 0.89 32.40 1589 0.95
F t  .FAL-CH 1.11 -4.73 1015 0.98
F t  .CEH 0.68 -8.79 1377 0.96
As a result o f the disagreement between systems on the 3, 8 , 9 and 10/6/00 an 
“alternative gradient estimate” for x(l rn) and Ft was proposed for these four days. 
The alternative gradient estimate (subscript ag) consists of the mean of the two 
remaining systems on these four days. It was not felt that there was sufficient 
justification to remove the high measurements from the mean dataset. However, it 
was suspected that on these days the two high systems might not have been operating 
correctly. This alternative estimate was also provided to other end-users o f the data 
to assess whether there was other supporting evidence for a higher or lower estimate 
on these days.
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8.3.5 M ean gradient concentration and f lu x  in relation to m anagem ent 
activities
The resulting mean gradient concentrations at 1 m and flux for the whole period are 
shown in Fig. 8.7. This demonstrates clearly the effect o f the management activities 
(cutting and fertilising) on the flux and concentration. In addition to the mean 
gradient estimate, Fig. 8.7 also shows the alternative gradient estimate for y(l m) and 
Ft on 3, 8 , 9 and 10/6/00.
Figure 8.7. Mean gradient estimate o f net NH3 flux (Ft,mg) and y(l m)mg showing response to 
management activities. The alternative estimate is also shown (Fwg and y (l m)ag) on 3, 8, 9 and 
10/6/00. Vertical lines indicate cutting (dashed line), removal o f the grass from the field (dotted line) 
and NH4+N 0 3' fertilisation (solid line).
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Statistics for the mean gradient estimate of % ( lm) and Ft are given in Table 8.7 and 
8 . 8  for the 3 periods: i) pre-cutting; ii) post-cutting/pre-fertilising and iii) post- 
fertilising. Data have been corrected for advection and storage errors.
Table 8.7. Variations in 15-minute measurements o f xO m) throughout different measurement 
periods, before and after micrometeorological filtering.
Period Date/Time
Mean













Pre-cut 21/5 10 :00 - 
29/5 06:00
All data 3.11 1.95 2.61 0.29 15.00 710 94.3
After 3.14 1.90 2.61 0.35 10.71 596 79.2
filtering
Post-cut/ 29/5 0 6 :0 0 - All data 4.29 2.04 3.97 0.58 12.32 674 98.5
Pre­ 5/6 09:00
fertilisation
After 4.39 2.33 3.84 0.58 12.32 393 57.5
filtering
Post­ 5/6 09:00 - All data 8.36 5.47 6.78 0.92 31.52 969 99.6
fertilisation 15/6 12:00
After 9.16 5.70 7.38 0.92 31.52 667 68.6
filtering
Table 8.8. Variations in 15-minute measurements of net NH3 flux (F t) throughout different 
measurement periods, before and after micrometeorological filtering. Data have been corrected for 






n g m '2
s"1
Median 
ng m '2 s
-l
Min 
ng m '2 
s '1
Max 






Pre-cut 21/5 1 0 :00 - All data -5.6 11.3 -5.4 -64.9 40.2 710 94.3
29/5 06:00
After -5.8 11.9 -5.8 -64.9 40.2 596 79.2
filtering
Post-cut/ 29/5 06:00 - All data 93.7 112.7 54.5 -52.7 590.8 674 98.5
Pre­ 5/6 09:00
fertilisation
After 129.3 120.5 97.4 -47.9 590.8 393 57.5
filtering
Post - 5/6 09:00 - All data 471.5 608.4 194.7 -1.0 3878.2 969 99.6
fertilisation 15/6 12:00
After 557.5 603.3 302.9 1.5 3878.2 667 68.6
filtering
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It can be seen that the median concentrations and fluxes for all periods are slightly 
smaller than the mean values, reflecting a log normally skewed distribution o f both 
X(1 m) and F{. The effect o f the data filtering for micrometeorological restrictions 
(Section 8.2.4, step vii) is illustrated, with slightly larger x (l m) and Ft from the 
filtered dataset. This reflects the fact that more data were excluded from night-time 
conditions, when y(l m) and Ft were smallest.
Pre-cutting
Prior to cutting of the grass, the flux was much less certain (see Fig. 8.9) but was 
predominantly deposition to the surface (see Fig. 8.2 for typical diurnal course). The
9 1mean flux o f the pre-cutting period was -5.6 ng m' s' if  all data are included and 
-5.8 ng m ' 2 s' 1 if  only data which pass the micrometeorological criteria are included.
Any emission, which was observed was generally small, the maximum emission
2 1observed over the period was 40 ng m' s' . The intensive grassland was generally 
acting as a sink for NH 3 during this period.
Post-cutting, pre-fertilising
Immediately after cutting (29/5/2000) the NH3 flux switched to emission. The 
emission had a diurnal pattern with very small fluxes during night-time and emission 
fluxes increasing during the daytime; daily peak emission values were 140 to 530 
ng m ' 2 s '1. The mean daily flux during the cutting period was 85 ng m ' 2 s' 1 (all data)
9 1or 137 ng m' s' (only data which passes the micromet criteria). These values are 
equivalent to 60 and 97 g N ha" 1 day'1, respectively.
Post-fertilising
There was a rapid increase in NH3 flux observed following the N fertilisation
9 1
(5/6/2000), with values peaking at 3880 ng m' s' . During the first two nights after
~ 9 1fertilisation (516-6/6 and 616-116) there were mean emissions o f 990 ng m' s" and 
150 ng m ' 2 s '1, respectively. The mean flux over the whole post-fertilising period was
9 1 9 1472 ng m' s' (all data) or 558 ng m' s' (only data which passes the 
micrometeorological criteria). These values are equivalent to 322 and 380 g N ha ' 1
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day'1, respectively. The emission flux decreased on 11/6/00 but was still up to 500 
2 1n g m'  s' , 13 days after cutting.
The accumulated flux was -0.04, 0.54 and 3.95 kg N ha ' 1 for the pre-cutting, post 
cutting and post fertilising periods, respectively. The N applied on 5/6/00 was 108 kg 
N ha ' 1 so the accumulated flux up to 10 days after the fertilisation was 3.7 % of the N 
applied.
8.3.6 Storage errors
The magnitude of the storage errors in the mean gradient flux estimate and the 
storage error as a % of (Ft>mg) for the whole period are presented in Fig. 8 .8 . Storage 
errors were calculated according to Section 2.3.2. This figure shows that the storage 
errors were generally small, the median storage error being 0.004 ng m "2 s '1.
—  Storage error 
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Figure 8.8. Storage error, FUsl0 as an absolute value and as a % of the flux (Ft,mg)
8.3.7 Uncertainties in % (1 m) and F,,ag
The availability o f up to four parallel estimates o f the ammonia concentrations and 
fluxes allows the time course o f uncertainties in the estimates to be reported as the 
standard error (SE) o f the mean 15-minute values. The SE is calculated as o„.\/^n, 
where a n_i is the sample standard deviation and n is number o f estimates available for 
a given 15 minute period. Hence the magnitude o f the SE depends on both the level 
o f agreement of the denuders and the number o f denuders operating at a given time. 
The time course o f the SE is presented in Fig. 8.9 for F t̂ g and x (l nr). Given the
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rapid variation in SE on a 15-minute basis, to make the graphs more readable, the 
values are shown as the 1 hourly running medians o f the 15 minute SE values. The 
values are shown as %SE of the mean, however, in the case o f the flux, periods of bi­
directional exchange make %SE less meaningful, and therefore the absolute value of 
2 1 •SE (in ng m' s' is also shown). Fig. 8.9 shows that in the pre-cut period, the SE of
the 15-minute values was typically around 60% of Fuag, with absolute SE values of
2 1 •10-20 ng m' s' . Following cutting, the errors differ over the day with daytime SE in 
the flux typically 40%. The % SE is smallest following fertilisation with daytime 
values typically 15%, increasing to typically 30% from 10 June. The overall median 
uncertainty in the 15 minute estimates o f x (l m) is 18%, with values mostly in the 
range 5 to 50%.
Figure 8.9. Time course o f percentage standard errors in a) the measured ammonia flux and b) 
concentration at (1 m) (from the alternative estimate, using 1 hour medians of 15 minute estimates). 
Because o f the existence of bi-directional exchange for NH3 flux (giving less meaningful %SE), the 
absolute value o f SE Flux (ng m '2 s '1) is also shown.
In addition to giving the uncertainties in the individual 15 minute flux estimates it is 
possible to consider the statistics o f F t>mg and % ( 1  m) for the main management
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periods and the whole o f the experiment. With longer-averaging periods the 
uncertainties between the different systems reduce, and are shown in Table 8.9.
Table 8.9. Standard errors (SE) and % standard errors in the flux estimates between the 4 ammonia 
sampling systems according to the different management periods. The mean values for the period are 
shown in Table 8.7 and 8.8.
Pre cut Post cut Post fert All campaign
SE in F Umg 4.7 28.8 88.8 57.8
% SE in F timg 82.8 37.7 22.9 32.1
SE in x (l m) 0.49 0.78 1.16 0.87
% SE in x (l m) 15.62 19.43 16.01 17.22
8.4 Discussion
8.4.1 Intercom parison o f  gradient m easurem ents
The inter-comparison of gradient measurements was encouraging, with the 
regression of Ft from all individual systems versus F t,mg giving r > 0.95. There was 
also good agreement achieved across the concentration range, except for some 
problem days where overestimation of concentration is suspected to have occurred in 
some o f the systems, possibly due to high operating temperatures and concentrations 
measured out o f the calibration range. The inter-comparison highlighted the need for 
regular calibration of flux gradient systems and regular quality standard checks. As 
concluded in Harrison and Kitto (1990), operator differences can induce the same 
variation in NH 3 measurements as different measuring techniques and although 
techniques such as AMANDA and the WEDD have been shown to be reliable in 
measuring NH3 , operators still have to be careful in their running of these systems. A 
reliable clean deionised water supply, regular changing of pump tubing and 
regulation of instrument operating temperature are all essential to maintain the 
reliability o f these systems.
Having four independent systems did result in a robust final dataset with data 
coverage of NH 3 concentrations and fluxes in the mean dataset o f 97%. The main 
restriction on estimates was a filter according to strict micrometeorological criteria, 
which reduced the flux data coverage to 6 8 % if these filter criteria were applied. It is 
highly unusual to achieve data coverage of nearly 100% for NH 3 flux measurements 
and consequently this dataset provides a useful input for end-users o f the data such as
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modellers. In addition, having four estimates provides an estimate of the uncertainty 
of the flux measurements. In a typical field experiment it is more likely that there 
will only be one NH 3 flux measurement system and so it is not possible to get an 
estimate o f the uncertainty other than the scatter in the concentration profiles. In this 
instance the standard error o f the four estimates indicates periods of greater and 
lesser certainty in the measurement. SEs in 15 minute values were typically between 
15-60% of Fi while the value for the whole field campaign was 32%.
8.4.2 Influence o f  m anagem ent activities on N H 3 flu x
The measurements support the previous finding of enhanced emissions from grass 
cutting at Easter Bush, with a mean daily flux o f 97 g N ha ' 1 day ' 1 after cutting 
compared with measurements of predominantly deposition before cutting. As 
expected, emissions were also enhanced following fertilisation, with a mean daily 
flux o f 380 g N ha ' 1 day"1. These values are o f a similar magnitude to those observed 
at Easter Bush (Chapter 5) although the % emission of fertiliser N is higher, 
amounting to 3.7% of the N applied as calcium ammonium nitrate. The increased 
percentage emission is possibly a result o f the high temperatures, which were 
observed, particularly in the latter period of the campaign. The mean air temperature 
at 1 m was 17.6°C during 5/6/00-15/6/00, whilst daily maximums reached 39°C.
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Chapter 9: Synthesis and Conclusions
9. 1.1 M easurem ents o f  am m onia exchange
Measurements o f surface-atmosphere ammonia (NH3) exchange were conducted for 
a period o f 19 months (May 1998-November 1999) over an intensively managed 
grassland in southern Scotland (Easter Bush) at a 15-minute time resolution. In 
addition, NH3 exchange was measured on a campaign basis for just under four weeks 
over an intensively managed grassland in Germany (Braunschweig). The 
aerodynamic gradient method was used to calculate NH 3 exchange at both these 
sites. A comprehensive suite o f measurements o f micrometeorological, soil and 
vegetation parameters was also conducted in order to aid interpretation o f the 
measurements and investigation o f the controls on NH 3 exchange. In addition, these 
data were used for the development o f models of NH 3 exchange, providing both 
input data and datasets for assessing model performance. Long-term measurement 
data with high temporal resolution is essential for the development of models of 
pollutant exchange, particularly as many current parameterisations within these 
models were derived from measurement campaign data o f short duration.
Comparisons o f key micrometeorological parameters, measured by different 
instruments or at different locations, were conducted to ensure data quality and to 
fill-in data on the few occasions when data were unavailable. This resulted in high 
data coverage o f 91% for the meteorological data. Data coverage for the NH3 flux 
data was 71%, reduced to 62% after applying micrometeorological filtering criteria. 
This equates to 32,735 individual 15-minute NH 3 flux measurements. 
Characterisation o f the Easter Bush site showed that the cumulative normalized 
contribution to the flux measurement was was > 65% for 82% o f the time. In 
addition, nearby fields were similarly managed grassland and so could be expected to 
have a similar NH3 exchange pattern, thereby not presenting a large discontinuity at 
the boundary o f the field site. The prevailing wind direction was from the south-west 
(69.4 % of the time) with some north-easterly winds (27.1 % o f the time).
The median, arithmetic mean and geometric mean NH 3 concentration for the whole 
measurement period were 1.07, 1.52 and 0.90 pg n f3, respectively, which are fairly
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typical values for a mixed rural area. The monthly geometric standard deviation (ctq) 
in NH3 concentration at the highest measurement level varied between 2.17-5.25. 
These fairly large values o f c t q  indicate that the NH3 concentrations at Easter Bush 
are largely influenced by local sources (Burkhardt et al., 1998), and reflect the high 
spatial and temporal variability o f local NH3 sources and sinks. The median and 
mean flux over the whole measurement period were emission o f 0.23 and 13.9 ng m' 
s '1, respectively. These values are for the unfiltered dataset, the values increase 
slightly i f  data are filtered for strict micrometeorological criteria, but the values are 
not substantially different (0.50 and 14.9 ng m ' 2 s '1, respectively).
The NH3 exchange was bi-directional with large diurnal and seasonal variation. This 
variation was shown to be strongly linked to grassland management (cutting, 
fertilisingand grazing) and phenology in addition to meteorology (temperature, solar 
radiation, humidity, wetness and atmospheric turbulence). The grassland at Easter 
Bush varied from being a net sink for NH3 during winter months (-6.0 g NH3-N 
ha' 1 d '1) and prior to cutting o f the grass (-4.9 g NH 3 -N ha' 1 d"1) to being a net source 
after the grass was cut (29.3 g NH3 -N ha' 1 d '1) and after nitrogen fertilisation (153.6  g 
NH3-N ha' 1 d'1). Net emission was also observed during grazing periods (33.0 g 
NH3-N ha' 1 d '1). The pattern o f NH3 exchange was similar for 1998 and 1999.
The temporal pattern o f NH 3 exchange at Braunschweig was similar to Easter Bush, 
with a similar magnitude o f deposition prior to cutting o f the grass (-4.0 g NH 3-N 
ha' 1 d '1). However, the emissions following cutting o f the grass (66.7 g NH3 -N 
ha' 1 d '1) and following fertilisation (335.5 g NH3 -N ha' 1 d'1) at Braunschweig were 
about twice as large as those at Easter Bush. This is reflected in the substantial 
difference between accumulated NH3 flux at Braunschweig during 2 1 st May-5th June 
compared with the same period at Easter Bush in 1998 and 1999 (Fig. 9.1). It is 
likely that the higher temperatures (up to 40 °C) and dry conditions during the 
Braunschweig experiment favoured higher emissions and decreased deposition. In 
addition, more fertiliser N was applied at Braunschweig than at Easter Bush (Table
9 . 1 ), although the difference in application rate is not large enough to explain the full 
difference in emission. There is the possibility that some o f the NH3 analysers at 
Braunschweig were over-reading concentrations and fluxes (discussed in Chapter 8 ).
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However, the ‘alternative’ gradient accumulated flux is also presented in Fig. 9.1 and 









Figure 9.1. Accumulated NH3 flux for 21st May to 5th June for Easter Bush 1998 and 1999 and 
Braunschweig 2000. The two different estimates for Braunschweig are for the mean (mg) and 
alternative (ag) gradient estimate (see Chapter 8 for details). The vertical dashed line indicates the 
time of cut and the arrows indicate the different N fertilisation dates (see Table 9.1 for details).
Table 9.1. Field management details and accumulated flux over period of 1st cut (7.5 days prior to cut 
and 17.5 days after cut) for Easter Bush and Braunschweig (data from Table 4.3 and Section 8.2.1).







(kg N ha '1)




Easter Bush 5/6/98 9/6/98 104 Compound 1.39
1998 (N:P:K) (26-5-10)
Easter Bush 2/6/99 11/6/99 91 Compound 1.36
1999 (N:P:K) (26-5-10)
Braunschweig 29/5/00 5/6/00 108 Calcium 3.82 (3.12*)
2000 ammonium nitrate
* Accumulated flux for alternative gradient estimate
Enhanced emissions o f NH3 were observed following four separate grass cutting 
events (June 1998, August 1998 and June 1999 at Easter Bush and June 2000 at
2 1Braunschweig) with peak emissions o f 380, 200, 539 and 508 ng m' s' , 
respectively. The magnitude o f these emissions was up to an order of magnitude 
greater than the emissions observed from the grassland prior to cutting. Enhanced
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NH3 emissions from cut grassland have been observed, but not quantified prior to 
this study (Sutton et al., 1997a). The similarity o f the NH3 response to grass cutting 
between the two years at Easter Bush and between locations in two different 
countries provides corroboration for this emission source. The origin o f the emission 
was less easily identified; an increase in foliar NH41" after cutting supports the 
hypothesis that the increased emissions are at least partially from the remaining cut 
sward. However, there could also be a contribution from litter and senescing leaves. 
The relative contribution o f the different sources remain to be quantified.
The net annual budget o f NH3 exchange for the Easter Bush grassland for May 1998- 
April 1999 was emission o f NH3 o f 1.9 kg N ha' 1 yr '1, equating to 1.6%  o f the 
fertiliser N applied. The gross emission flux for the year (sum o f all emission events) 
was 4.2 kg N ha' 1 yr'1. Scaling up these gross emissions across the whole o f the U K 
improved grassland (60,500 km2) would lead to 25 kt NH3-N, equivalent to 9.5% of 
the U K  total emissions. These results indicate that the gross emission from all 
processes in fertilised grassland, including emissions from fertilisation, grazing and 
from cutting, make a significant contribution to the NH3 emission budget o f the UK.
The net annual NH3 exchange can be compared with other N  species to obtain a full 
N budget. As other N species were not measured at the Easter Bush site, 
measurements from a nearby moorland site Flechard (1998) are used to construct the 
N budget (Table 9.2). This results in the net annual N budget for Easter Bush being 
deposition o f 3.8 k g N  ha'1.
Table 9.2. Estimate of net annual N budget at Easter Bush (all values except NH3 from Flechard, 
1998)
N species Net annual N exchange 
kg N ha"1 yr"1*
NH3: Dry +1.9
N H f: Dry -0.3
N H f: Wet -2.4
N 0 3": Dry -0.4





Total Dry + Wet -3.8
Positive values indicate emission and negative values indicate deposition
2 0 1
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These values can be compared with more recent measurements o f wet NH4+(3 . 2  kg 
N ha '1) and wet NO 3 ' (2.4 kg N ha '1) from a second nearby moorland site for the 
period 1/5/02-28/4/03 (L. Shepard, Pers. Comm.), which would give a slightly larger 
net annual N budget for Easter Bush o f 5.1 kg N ha ' 1 deposition.
In addition to emissions following cutting and fertilising with ammonium nitrate, 
emissions were also observed during grazing periods and after application o f urea. 
Urea was applied to Easter Bush to provide sufficient emissions of NH3 to test a 
newly developed REA system. Emissions from the application of urea (2.7% of N 
applied) were at the low end of published values (6-49% of N applied), but probably 
reflect the low application rate, the time of year and the prevailing meteorology at 
this time (e.g. low temperatures, high RH  and wetness). Results from a period of 
sheep grazing at Easter Bush indicated an upper limit o f emissions o f 0.8 g NH3-N 
sheep ' 1 d '1. This value is o f a similar magnitude to other published values (0.9-1.2 
g NH3-N sheep ' 1 d '1) (Jarvis et al., 1991).
The net NH 3 exchange over intensively managed grassland at Easter Bush was a 
small source (1.9 N ha ' 1 y r'1). Semi-natural and forested ecosystems tend to be net 
sinks for ammonia, while studies over arable crops and intensively managed 
grassland receiving higher fertiliser N input (e.g. in The Netherlands) have reported 
larger net annual sources of NH 3 .
The influence o f meteorological conditions on the NH3 concentrations and exchange 
was examined; NH 3 concentration increased with increasing temperature except for 
temperatures below about 7.5 °C, in which case NH 3 concentration increased with 
decreasing temperature (observed for a period o f predominantly deposition fluxes). 
NH 3 emission fluxes also increased with increasing temperature, although not as 
strongly as the thermodynamic response. Evidence o f NH3 flux controlling the NH3 
concentration at the site was also observed during emission periods, this is contrary 
to the standard inferential approach for estimating NH 3 flux, which presumes that 
increased concentration leads to increased deposition.
2 0 2
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9.1.2 M odelling o f  am m onia exchange
NH 3 exchange is particularly challenging to model due to its bi-directional nature 
and its high spatial and temporal variability. It is also strongly dependent on 
ecosystem type, phenology, management and meteorological conditions as shown in 
Chapter 5. The incorporation of NH 3 for the first time in European transboundary air 
pollution abatement strategies increases the need for accurate parameterisations of 
the dry deposition o f NH 3 to ecosystems. A two-layer canopy compensation point 
resistance model, incorporating bi-directional foliar stomatal exchange, deposition to 
leaf cuticles and NH3 exchange with the ground surface, was applied to the NH 3 
measurements at Easter Bush. Close agreement between measured and modelled 
fluxes was obtained by introducing seasonally varying foliar and ground layer 
emission potentials (rs, Tg) for key periods. This is a significant improvement on the 
current use o f a constant emission potential within national deposition models and 
leads to a more accurate prediction of net NH 3 exchange. Indeed, the results 
presented here indicate that the constant stomatal emission potential of 3,800 
currently used in the UK deposition model (Smith et al., 2000) would be an 
overestimate in the winter and pre-cut period and a significant underestimate during 
the cutting and fertilising period. Incorporating the seasonally varying emission 
potentials presented here in the UK deposition model may lead to a decrease in 
critical load exceedance in the winter and a corresponding increase in the summer.
In addition to the resistance modelling approach, a dynamic grassland ecosystem 
model (PaSim) was applied to the NH3 measurements. In PaSim, the emission 
potentials and NH 3 exchange are linked functionally to plant and soil N cycling so 
the ecosystem processes and interactions of NH 3 exchange can be explored in detail. 
Initialisation and input data required for PaSim were obtained from the 
measurements at Easter Bush. Other measurement data was used to assess the 
performance o f PaSim. Fig. 9.2 presents the time varying stomatal emission potential 
(rs) simulated by PaSim and compares it against the parameterisations of rs and Fg 
obtained from the two-layer canopy compensation point modelling. It can be seen 
that the maximum values of Ts are similar (35,000 in PaSim and 28,000 in the two- 
layer model) and the initial increase in Ts is very similar. However, PaSim simulates
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a sharper peak in Ts over the period o f fertilisation. The comparison of simulated Ts 
with bioassay estimates (Fig. 7.8) shows that the bioassay estimates are up to two 
orders of magnitude lower than the simulated values. Discrepancies between 
bioassay and other estimates o f rs, such as from cuvette studies, has been observed in 
other studies (e.g. Hill et al., 2001). The reasons for these discrepancies are not yet 
fully understood, although pH gradients in the apoplast with localised hotspots, 
which are not measured by the bioassay technique, may explain some of the 
variation.
Figure 9.2. Parameterisations o f Fs and Fg derived for the cutting and fertilising period at Easter Bush 
during June 1999 with the two-layer canaopy compensation point model compared against simulated 
r s from PaSim for the same period in 1999.
Various simulated parameters in PaSim were compared with measured values and 
these comparisons indicate areas where the mechanisms are well described in the 
model and areas for improvement. For example, the simulated foliar N content has a 
similar temporal variability to the measured values, but the magnitude of the changes 
is not represented (Fig. 7.6). This difference between the simulated and measured 
values indicates that there may be an additional restriction to plant N uptake in the 
field, which is not parameterised in the model.
Scenarios o f changing climate and management were explored with PaSim. The 
simulated NH 3 emissions did not follow the expected thermodynamic response to a 
rise in temperature and demonstrated the complexity of the ecosystem level response 
o f NH 3 exchange to climate change, indicating that there are other ecosystem
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interactions, which offset the effect o f increased temperature on NH3 emissions, such 
as increased growth. Simulated NH3 emissions were reduced by 15% by delaying the 
timing o f fertiliser applications by two weeks, indicating the potential o f this measure 
as an NH3 abatement option.
9.1.3 Recom m endations fo r  fu tu re  w ork  
Measurement o f  ammonia exchange'.
•  Enhanced emissions o f NH3 from grass cutting have been observed and 
quantified, but further work is needed to investigate the relative contribution 
o f the possible sources (the remaining sward, litter and soil). It would be 
valuable to conduct cuvette measurements alongside micrometeorological 
measurements o f NH3 exchange and also conduct more frequent bioassay 
analyses o f apoplastic and foliar NH44" concentration.
•  One o f the challenges in quantifying the enhanced emissions o f NH3 from 
grass cutting is to partition the net exchange into enhanced NH3 emission 
from the effect o f cutting and from the effect o f N fertilisation. Experiments 
to investigate cutting emissions at a field level without the additional 
fertilisation effect should be initiated. This would help quantify the 
magnitude and timecourse o f enhanced emissions from cutting without the 
secondary effect o f fertilisation.
•  The partitioning o f soil and foliar emission during grazing and after fertilising 
is also not fully quantified. Cuvette measurements should be conducted to 
isolate the different pathways o f NH3 exchange.
•  Long-term measurements are invaluable for developing the understanding o f 
the controls on NH3 exchange and also for model development. Further long­
term measurements o f NH3 exchange are needed over other key ecosystem 
types in Europe to characterise the seasonal exchange. In particular more 
measurements are required over forests and crops as there are few long-term 
studies o f NH3 exchange over these ecosystems.
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Modelling o f  ammonia exchange:
• The two-layer canopy compensation point model has been shown to provide 
close agreement between measured and modelled net NH3 exchange of 
intensively managed grassland. A significant development has been the 
introduction o f seasonal parameterisations o f emission potentials. This 
approach should be extended for other periods and for other key ecosystems, 
to enable the two-layer model to be fully incorporated into national and 
European atmospheric transport models.
• Further work is required on incorporating the current state o f knowledge of 
NH3 exchange into atmospheric transport models. In particular, the 
consequence o f introducing seasonal parameterisations of emission potentials 
should be explored.
• The cuticular resistance (i?w) is still one of the least well characterised 
resistances for NH3 exchange, more investigations are required of the 
relationship o f Rw with pollution climate and wetness to improve the 
generalisation o f Rw across Europe.
• More measurements o f within canopy turbulence are required to extend the 
knowledge o f in-canopy resistances and futher develop their seasonal 
parameterisation.
• The application o f a dynamic grassland ecosystem (PaSim) demonstrated the 
potential o f such a model to investigate the ecosystem level processes of NH3 
exchange. There is scope for improvement o f the model, particularly the 
description o f fertiliser dissolution and the rates of N transfer between the 
various plant N pools. The response o f simulated NH3 exchange to climate 
change should also be explored more thoroughly as initial scenarios 
demonstrated the response of NH3 emission to increased temperature may not 
be as strong as expected purely on a thermodynamic basis. In addition, PaSim 
should be used to explore other NH3 emission abatement options.
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• This thesis largely concentrated on conducting long-term measurements of 
NH3 exchange at a high time resolution along with detailed soil and 
vegetation measurements, this required a significant measurement effort. This 
dataset is now a valuable resource and should be utilised further in 
investigating the controls on NH3 exchange, in model development and in 
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A b strac t. C o n t in u o u s  m ic r o m e t o r o lo g ic a l  m e a s u re m e n ts  o f  a m m o n ia  (N f-U ,) e x c h a n g e  w e r e  m a d e  
for a p e r io d  o f  1 9  m o n th s  ( M a y  1 9 9 8 - N o v e m b e r  19 9 9 )  o v e r  in t e n s iv e ly  m a n a g e d  g r a s s la n d  in  s o u th ­
ern S c o t la n d . T h is  s tu d y  fo c u s e d  o n  th e  in f lu e n c e  o f  m a n a g e m e n t  a c t iv i t ie s ,  s u c h  a s  c u tt in g  a n d  
fertilising, o n  v e g e la t io n - a tm o s p h e r e  e x c h a n g e  o f  N H y . M e a s u r e m e n t s  w e r e  c o n d u c te d  w ith in  th e 
European p r o je c t  G R A M 1 N A E  ( G R a s s la n d  A M m o n i a  I N te r a c t io n s  A c r o s s  E u r o p e )  w ith in  w h ic h  th e  
Scottish s ite  fo r m s  o n e  o f  6 s i t e s  in a n  E - W  tra n s e c t  a c r o s s  E u r o p e . N H y  e m is s io n s  w e r e  e n h a n c e d  
tup to 3 0 0  n g  m  ■ s _ l ) a f t e r  c u tt in g  f o l lo w e d  b y  la r g e r  e m is s io n s  a f t e r  fe r t i l i s in g  (u p  to  1 4 0 0  n g  
nC" s _ l ). A n n u a l  b u d g e t  c a lc u la t io n s  s h o w  th e  in te n s iv e  g r a s s la n d  a c te d  a s  a  n et s o u r c e  ( 1 . 8  k g  N  
ha-1  y r 1 ) a lth o u g h  f lu x e s  w e r e  b i-d ir e c t io n a l  w ith  d e p o s it io n  d o m in a t in g  in th e  w in te r  a n d  e m is s io n  
in the su m m e r . I n it ia l  m o d e l l in g  o f  th e  N H j  e x c h a n g e  u s in g  a  'c a n o p y  c o m p e n s a t io n  p o in t ’ m o d e l 
has b een  c o n d u c te d  f o r  k e y  p e r io d s .  T h e  d y n a m ic s  o f  th e f lu x e s  d u r in g  th e s e  k e y  p e r io d s ,  s u c h  a s  
W ore a n d  a f t e r  c u tt in g  a n d  f e r t i l i s in g ,  m a y  b e  re p r o d u c e d  b y  in t r o d u c in g  d if fe r e n t  v a lu e s  o f  th e 
apoplastic r a t io ,  T  =  IN H jJ" |/[H + |.
K e y w o rd s : a m m o n ia ,  b io s p h e r e -a tm o s p h e r e  e x c h a n g e ,  g r a s s la n d s ,  r e s is t a n c e  m o d e ll in g
1. Introduction
Excess nitrogen (N) deposition is known to lead to acidification and eutrophication 
ivan B reem en and van Dijk, 1988; Fangm eier et a!., 1994), and the contribution 
ofNHy to these issues is increasingly recognised as im plem entation o f  abatem ent 
measures has reduced em issions o f  su lphur (Bull and Sutton. 1998). A m m onia 
(NHy) and am m onium  (N H +) (collectively N H V) have been identified as contribut­
ing approxim ately 60%  o f the total nitrogen input and 44%  o f the acidifying input 
lothe U.K. (CLA G . 1997). D etrim ental effects to vegetation as a result o f  NHy have 
been show n to be alm ost exclusively a response to NH;, deposition rather than due 
to elevated concentration levels o f NHy (B obbink, 1998). C onsequently, to assess 
ibe im pact o f  N H V, it is necessary to quantify the deposition o f NHy to vegetation.
Long-term  m easurem ents o f trace gas exchange yield valuable inform ation on 
iiurnal and seasonal patterns o f exchange, w hich cannot be gained from  m eas­
urement ‘cam paigns’ o f a few weeks. In the case o f N H 3, long-term , high tem ­
poral resolution m easurem ents have been m ade possible by the developm ent of
i C  Water, Air, and  Soil Pollution: Focus 1 :  1 6 7 - 1 7 6 , 2 0 0 1 .
H  ©  2 0 0 1  K luw er A cadem ic Publishers. P rinted in the N etherlands.
the continuous denuder technique in the early 1990s (W yers et al., 1993). A re­
cent European project G R A M IN A E (G R assland A M m onia IN teractions Across 
Europe) was instigated to quantify exchange o f  N H ; w ith grasslands across an 
East-W est transect across Europe. The m easurem ents presented here are from a 
site in southern Scotland, one o f  six sites in the transect. The m easurem ents focus 
on grassland as an ecosystem  for a num ber o f reasons. Firstly, grasslands consti­
tute one o f  the m ajor ecosystem s in term s o f  land cover throughout Europe. For 
exam ple, in G reat Britain (G .B .). grassland constitu tes the single largest land cover 
category w ith 21%  o f  land cover from  m anaged grasslands alone (Fuller et al.,
1994). However, grasslands vary w idely in their species com position and manage­
ment regim e from  sem i-natural unfertilised grassland to high N input intensively 
m anaged grassland. These two ecosystem s express different NH;, exchange char­
acteristics; sem i-natural grassland prim arily receives N H ; deposition and may be 
im pacted by that deposition, experiencing species change or change in biomass 
productivity. Conversely, intensive grassland displays both deposition and emis­
sion o f  NH;, and as such m ay im pact the atm osphere, for exam ple by increasing 
em issions or affecting long-range transport o f  pollutants.
In addition to the interest in contrasting ecosystem  types, large rates o f NIT 
em ission have been observed follow ing cutting o f  intensively m anaged grassland, 
from  the sw ard itself (Sutton et al., 1997). There has been little research invest­
igating precisely this em ission source although previous w ork has addressed the 
em ission o f N H ; from  senescing and decom posing vegetation (W hitehead and 
Lockyer, 1989: M annheim  et al., 1997). Em ission o f  volatile organic compounds 
(VOCs) has also been detected from  cut grassland and attributed to a 'wounding' 
o f the vegetation (G ouw  et al., 1999).
This article provides an introduction to the long-term  m easurem ents o f NH; 
exchange at the intensively m anaged grassland in southern Scotland and also shows 
initial results from  param eterisation o f  the N H ; exchange using a resistance model 
developed for bi-directional exchange o f am m onia.
2. M aterials and M ethods
2.1. M i c r o m e t e o r o l o g i c a l  a p p r o a c h e s
The N H ; fluxes w ere determ ined using the aerodynam ic gradient m ethod, which 
couples vertical concentration profiles o f  N H ; w ith turbulence inform ation. The
flux o f  N H ; (Fx ) is calculated  as:
Fx =  -ku. - — -------- — -  . (1)
3 [In (Z -  cl) -  (*=*)]
w here k is the von K arm an constant (0.41), w* is the friction velocity, x  >s con' 
centration o f gaseous am m onia, z  is height above ground, d  is the zero-plane
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displacement, L is the M onin-O bukhov length and 4V/((z — cl)/L) is the integ- 
¡s rated stability correction function for entrained properties (Sutton et al., 1993). A 
n negative value o f Fx denotes deposition.
a A resistance analogy o f trace gas transfer is often applied to interpret m easured
is fluxes (Fow ler and U nsw orth , 1979). There are various im plem entations o f  this
i- approach; the sim plest assum es that the concentration at the absorbing surface is
)r zero, allow ing only for deposition. The resistance model used to in terpret the m eas-
ir nrements presented here is a ‘canopy com pensation po in t' m odel, w hich allows
bi-directional exchange with stom ata in parallel w ith deposition to leaf cuticles 
5- (Sutton et al., 1995). This m odel includes four resistances to transfer: Ra, aerody-
y namic resistance; /?/,, boundary layer resistance; R w, resistance to leaf cuticles and
r- Rs the stom atal resistance. F, denotes net flux and is calculated  from:
«  p  _  X r  ~  X »  (Z  ~  Cl)
s- Fa (<■ ~  d )  -F Ri,
12
where Xa is am bient NFl^ concentration at a reference height, e.g. I m, Xc >s the 
j canopy com pensation p o in t’, to be distinguished from  / v, the ‘stom atal com pens-
j  ation po in t'. If the am bient concentration is equivalent to the canopy com pensation
t point then the net flux is zero. The stom atal com pensation point is the gaseous NH^
concentration in therm odynam ic equilibrium  with dissolved N H ^ in the apoplast 
icl (intercellular fluid), it can be estim ated from  direct m easurem ents or interpreted
j from exchange m easurem ents (Farquhar et al., 1980; Schjoerring et al., 1998). The
, value o f Xc is estim ated as (Sutton et al., 1995);
_  (X.v /  Fs) +  Xa/ (Fa +  Fl>)
vl Xc ~  (Rg + Fhy l + F - ' + R - y
.el
2.2. S i t e  d e s c r i p t i o n
The m easurem ent site was located in southern Scotland (3°2'W , 55°52 'N , elevation 
190 m above sea level) on the boundary o f tw o intensively m anaged grassland fields 
>90% Lolium perenne) o f  approxim ately 5 ha each (Figure 1). The fields receive 
on average 270 kg N h a ~ ’ y r^ 1 betw een three applications and are cut tw ice a year 
 ̂ for silage (5 June and 28 July, 1998). From  A ugust 1998-January  1999 the fields
were used for grazing, dairy cattle first and sheep later. The m easurem ents began in 
May 1998 and w ere com pleted  in N ovem ber 1999, a period o f 19 m onths covering 





1 7 0 C. MILFORD ET AL.
2.3. I n s t r u m e n t a t i o n
A m m onia concentrations were determ ined using an autom ated high-resolution am­
m onia analyzer denoted A M A N D A  (A m m onia M easurem ent by A N nular Denuder 
sam pling with online A nalysis) (W yers et al., 1993). This technique captures gas­
eous am m onia in a continuous How annular denuder using a stripping solution of 
3.6 mM sodium  hydrogen sulphate (N a H S 0 4) and determ ines the concentration 
online by conductivity. C alibrations w ere conducted w eekly w ith aqueous stand­
ards o f  N H 7. The detection limit is approxim ately 0.02 n g  m 3 N H 4 in air. The
3. R esults and D iscussion




annular denuders were placed at three heights above ground to determ ine the ver­
tical concentration profile. The tim e resolution o f  this m ethod (7.5 min sampling 
cycle in these m easurem ents) is a vast im provem ent on o ther m ethods, such as filter 
packs (2 -3  hr sam pling), and allow s a m ore detailed investigation o f  the underlying 
processes.
M eteorological m easurem ents o f  m om entum  flux, sensible heat flux (H )  and»* 
were m ade w ith an ultra-sonic anem om eter (Gill Instrum ents, Lym ington, U.K.) 
com pared against m easurem ents obtained from  a profile o f  w ind speed at 5 heights 
using sensitive cup anem om eters (Vector Instrum ents Ltd. C lyw d, U .K .) and tem­
perature and hum idity profiles supplied by a C am pbell Bow en ratio system  (Camp- fields 
bell Scientific, L oughborough, U .K .). N et radiation, solar radiation, soil temper- For t 
ature, soil heat fluxes, rainfall and w ind direction w ere also m easured. The flux neas 
dataset was screened for equipm ent failure, calibration periods and for wind dir­
ections along the line o f  the dividing fence (1 3 0 -1 5 0  and 3 1 0 -330°). Fluxes cal- ;•) 
culated for periods w ith low turbulence («* < 0.1 m s 1) w ere not used for model 
param eterisation purposes. Average data coverage o f NFL concentration for the ^  
period M ay 1998—April 1999, after excluding periods o f calibration and equipment vera 






howThe com parison o f  zz* and H  m easured by the eddy correlation and aerodynamic 
m ethod show ed good agreem ent (data not shown). H aving tw o independent es- llci'ei 
tim ates im proves the robustness o f  the m easurem ents and highlights periods ot ‘ ¡s ( 
m easurem ent problem s. In practice, values o f rz* and H  from  the eddy correla- ^3 
tion m ethod w ere used for the m ajority o f  the tim e with the estim ates from the tang 
aerodynam ic m ethod used to fill any periods o f  m issing data.
The wind direction frequency distribution is shown with the site m ap in Fig- My ■ 
ure 1. This figure show s that the dom inant w ind direction was SW  and there were l,(J n 
few occurrences o f  w ind direction along the boundary o f  the field. The average * s s  
contribution to the flux m easurem ent from the upw ind fetch area was 87% using ’fma 
the form ulation o f Schuepp et al., (1990). The fields adjacent to the measurement 'l|s tc
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Figure' /. S i t e  m a p  s h o w in g  th e  lo c a t io n  o f  th e  m e a s u re m e n t  e q u ip m e n t  o n  th e b o u n d a r y  o f  th e  tw o  
ields p lu s  th e  w in d  d ir e c t io n  f r e q u e n c y  d is t r ib u t io n .
lields in the SW, NW  and N E direction w ere also intensively m anaged grassland. 
For the purposes o f  the follow ing analysis the fields to the N E and SW  of the 
measurement equipm ent are referred to as the N Held and S field, respectively.
.12. N H 3 c o n c e n t r a t i o n s  a n d  f l u x e s
\inbienl NFF, concentration at the top height ranged betw een 0 -3 3 /rg  m 3 (15 min 
tverages) w ith an arithm etic m ean o f 1.4 /xg m ' and a m edian o f 0.94 ¡xg m 3 
for the period M ay 1998—A pril 1999. Figure 2 show s N H 3 concentration at three 
teights and the corresponding flux for (a) 27 M ay 1998, a typical day before the 
.lit and (b) 1 1 June 1998, 6 days after the first cut w ith wind direction from  the 
\'field. B efore the cut (Figure 2a), the dom inant pattern o f  N H 3 exchange over 
lie grassland was deposition with only sm all periods o f em ission. Im m ediately 
allowing cutting the grassland starting em itting N H 3 (see F igure 3). F igure 2b 
hows the typical m agnitude o f  em ission fluxes after the cut, d isplaying a clear 
»crease in em ission starting at 06:00 and reverting to near zero em ission at 20 :00 . 
lis only such high tem poral resolution data that can show these fine changes in 
ÜH3 flux and allow investigation into the controlling processes responsible for the 
ihanges.
Exam ining the N H 3 flux on a w eekly scale (Figure 3) show s the diurnal variab­
ly  in the N H 3 exchange and the effects o f  short-term  m eteorological conditions 
iid m anagem ent activities. These results clearly dem onstrate the enhanced NFI3 
missions follow ing cutting, o f up to 300 ng nr-2  s_ l . These em issions are an order 
)f magnitude greater than the typical em ission observed over the grassland prévi­
ns to cutting, and confirm  the earlier observations o f  em ission from  cut grassland
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Figure 2. N H y  c o n c e n tr a t io n s  a t  th re e  h e ig h ts  a n d  c a lc u la t e d  f lu x  f o r  (a )  2 7  M a y  1 9 9 8 .  a  typ ica l day 
b e fo r e  th e c u t  a n d  (b )  1 1  J u n e  1 9 9 8 .  6 d a y s  a f t e r  th e c u t  w ith  w in d  d ir e c t io n  fr o m  th e  N  fie ld .
(Sutton et al., 1997). However, it is still uncertain w hat the m echanism  for the 
am m onia release is. p„
On 9 June 1998 the S held was fertilised w ith 100 kg N ha- 1 . The fluxes im- *
m ediately increased up to 1400 ng m ~2 s- 1  and the em ission continued overnight 
indicating direct em ission from  the fertiliser itself, rather than stom atal emissions.
The N held was not fertilised until 13 June 1998 and this difference o f timing of of
m anagem ent activities allow s the analysis o f cutting induced em issions to continue res
over a longer period. It is interesting to note that on 1 1 June 1998, w hen the wind for
cam e from  the N held , the m easurem ents still show ed enhanced em issions (up to tor
310 ng m -2  s- i ). This is 6 days after the cutting event and provides evidence for loli
the duration o f the enhanced em issions from  grass cutting w ithout the additional tbs
effect from  fertilisation. O ne o f the challenges in analysing fluxes for the S held is 
to separate out the relative contribution o f cutting  versus fertilisation to the overall \'H
exchange after 9 June 1998. 1.8
Increasing the tem poral scale and exam ining the seasonal variation in daily NHr int
flux (Figure 4) highlights the longer-term  influence o f  the m anagem ent activities he
on the seasonal N H 3 exchange. The enhanced em issions fo llow ing the first cut ..6'
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Fignre 3. N H 3 C o n c e n tr a t io n s  a n d  f lu x  at I m , 4 - 1 3  J u n e  1 9 9 8 , a r r o w s  s h o w  t im in g  o f  m a n a g e m e n t  
activities. T h e  f lu x e s  a re  s e p a r a t e d  in to  2  c la s s e s :  ( i)  w in d  d ir e c t io n  fr o m  th e  N  f ie ld  a n d  ( i i)  w in d  
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Figure 4. M e a n  d a i ly  f lu x  o f  N H 3 a s  g  N  h a ” 1 d a y ” 1 , a r r o w s  s h o w  t im in g  o f  1 s t  a n d  2 n d  c u t  o f  
silage, a n d  s u b s e q u e n t  a p p lic a t io n  o f  fe r t i l i s e r  a n d  s ta r t  o f  g r a z in g .
i i||-"ir pni iJl .,l ..in.
«f silage are seen to continue for approxim ately three weeks. Interestingly, the 
lesponse follow ing the second cut on 28 July 1998 is m uch smaller. Explanations 
for the differences betw een cuts are being explored, such as variations in m et- 
iorological conditions (tem perature, rainfall, turbulence) or variations in soil and 
foliar nitrogen supply. Currently  there is no sim ple explanation for the differences 
observed and it is likely to be due to a com bination o f  the above factors.
The long-term  nature o f the fluxes provides data to calculate annual budgets o f 
NH3 exchange. In 1998/1999 the cut grassland was a net source o f NH ; at a rate of 
1.8 kg N ha_i y r” 1, although fluxes were bi-directional with deposition dom inating 
othe w inter and em ission in the sum m er. The gross em ission flux for the year (as 
be sum o f half hourly net em ission fluxes) was 4.1 kg N ha ” 1 y r” 1 equating to 
1-6% of the N applied (a figure o f  interest for em ission factor calculations). W hen
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Figure 5. M e a s u r e d  a n d  p re d ic te d  f lu x  u s in g  th e  c a n o p y  c o m p e n s a t io n  p o in t m o d e l, show n  separately 
fo r  (a ) S  f ie ld  a n d  (b ) th e  N  fie ld .
taking account o f atm ospheric deposition (2.3 kg N ha - 1  y r-1 ) the net emission flux 
corresponds to 0.7%  o f the N applied. A lthough this is a sm all net emission flux 
it is significant due to the large area o f the U .K . covered by grasslands (currently 
65 574 km 2, Fuller et a l ., 1994).
3.3. P a r a m e t e r i s a t i o n  o f  N H 3 e x c h a n g e
It is necessary to param eterise N H 3 exchange in order to interpret the measure­
m ents and investigate the m echanism s for exchange, as well as to develop para- 
m eterisations for m odelling N H 3 exchange on a U .K . or European scale. An initial 
param eterisation o f the N H 3 exchange using a ‘canopy com pensation point’ model 
(Section 2.1) is shown in F igure 5. The m odelled flux is shown against measured 
flux for the two fields separately; it is necessary to do this because of the different 
tim ing o f m anagem ent activities on the tw o fields.
Ru and Rh w ere derived from  m icrom eteorological m easurem ents (Sutton etcil. 
(1993), w hilst Rs and R w w ere param eterised as follows:
Rw =  -Rw.min exp ( ( 1 0 0  — h) /a) (4)
Rs = «v.min (l + j j  , (5)
w here /?u,,min is the m inim um  cuticular resistance, h is relative humidity (%), a is a 
constant controlling the increase o f R w w ith decreasing relative humidity, Kv.min1S 
the m inim al stom atal resistance, S, is solar radiation and fis is a constant c o n tro ll in g
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je decrease o f Rs w ith S,. The values used in the prediction presented here were: 
Vmin = 30 s m _1, a = 7, Rs m¡n = 100 s m _l and f}s = 60 W  m - 2 . Lastly, a 
jarameterisation for Xs was required. Xs is a strong function of tem perature and 
.also a function o f the ratio T = [NH^ j/fH -1-] in the apoplast (intercellular fluids):
161500 _ /  10 ,378 \ N H +
/ l =  (Ts + 2 7 3 .1 5 )  6XP \  Ts +  2 7 3 .1 5 )  H+ ’ (6)
.here Ts is the tem perature o f the canopy in °C (Nem itz et al., 2000). The apo- 
lastic ratio is independent o f  tem perature and so is a useful indicator o f the em is- 
ion potential o f an ecosystem .
The dynamics o f  the fluxes before and after the cutting and fertilising are well 
¡produced by accounting for three different values o f the apoplastic ratio, (precut: 
= 630, postcut: T = 6000, post fertilising: T = 40 000). This good agreem ent 
.partly a consequence o f the strong dependence o f N H 3 exchange on turbulence, 
¡mperature and light intensity w hich are well described in the model. However, 
5 liese results do show T varies in response to seasonal changes and m anagem ent 
activities and that relatively approxim ate values of Tcan allow a good sim ulation 
fthe NH3 b i-directional flux. C urrent national deposition models fo rN H 3 assume 
x .constant T (= 3800) for the w hole year (Sm ith et al., 2000); future work will 
x lestigate the sensitivity o f  such m odels to seasonal variation o f T.
y
4. C onclusions
ong-term m easurem ents o f N H 3 exchange have been successfully conducted over 
a intensively m anaged grassland for 19 m onths using the aerodynam ic gradient 
jl 'ithod. Enhanced em issions w ere observed following grass cutting (up to 300 ng 
jl f V )  and fertilising (up to 1400 ng m -2 s_ l ) lasting for up to three weeks 
j  Her the cut. Em issions over the grassland prior to cutting were of an order of 
)t magnitude less than the cutting em issions. The intensive grassland acted as a net 
*ce of am m onia (1.8 kg N ha- 1  y r-1 ) equating to 0.7%  of the fertiliser N 
I pplied. The dynam ics o f  N H 3 exchange can be well reproduced by introducing 
seasonally varying apoplastic ratio o f [NH4 ]/[H + ] into the canopy com pensation 
* t resistance m odel. T hese results dem onstrate the strength of long-term , high
1) tmporal resolution m easurem ents, w hich are an im portant tool for im proving our 
■tetanding o f diurnal, seasonal and annual patterns of N H 3 exchange.
>) '
A cknow ledgem ents
a
's work was supported by the U .K . D epartm ent of the Environment, Transport
§ the Regions (EPG  1/3/94) and by the EU under the GRAM INAE project
176 C. MILFORD E T A L
(E N V 4-C T 98-0722). We are grateful to the U niversity o f  Edinburgh for access 
to the held site.
R eferences
B o b b in k .  R . :  1 9 9 8 .  'I m p a c t s  o f  t r o s o s p h e r ic  o /.o n e  a n d  a ir b o rn e  n it r o g e n o u s  p o llu ta n ts  o n  natural 
a n d  s e m i-n a tu r a l  e c o s y s t e m s :  A  c o m m e n t a r y '.  New  Pliytol. 1 3 9 .  1 6 1 - 1 6 8 .
B u l l .  K .  R .  a n d  M . A .  S u t to n .:  1 9 9 8 .  "C r it ic a l  lo a d s  a n d  th e r e le v a n c e  o f  a m m o n ia  to  an  e f fe c t s  based
n itr o g e n  p r o t o c o l ' .  Alm os. Environ. ( A m m o n ia  S p e c ia l  I s s u e ) ,  3 2 .  5 6 5 - 5 7 2 .
C L A G  ( C r it ic a l  L o a d s  A d v i s o r y  G r o u p ) :  1 9 9 7 .  "D e p o s it io n  f lu x e s  o f  a c i d i f y in g  co m p o u n d s  in 
th e U n ite d  K in g d o m ',  S u b - g r o u p  re p o r t  o n  D e p o s it io n  F lu x e s .  D e p a r tm e n t  o f  Environm ent. 
T r a n s p o r t  a n d  R e g io n s .  L o n d o n , U .K .
F a n g m e ie r .  A . .  H a d w ig e r - F a n g m e ie r .  A . .  V a n  d e r  E e r d e n . L .  a n d  J a g e r ,  H . J . :  1 9 9 4 ,  "E ffe c ts  of
a tm o s p h e r ic  a m m o n ia  o n  v e g e ta t io n -  a  r e v ie w '.  Environ. Pollut. 86. 4 3 - 8 2 .
F a rq u h a r . G .  D .. F ir th . P. M ..  W e ts e la a r . R .  a n d  W ie r . B . :  1 9 8 0 .  "O n  th e g a s e o u s  e x c h a n g e  o f  ammonia 
b e t w e e n  le a v e s  a n d  th e e n v iro n m e n t : d e te r m in a t io n  o f  th e  a m m o n ia  c o m p e n s a t io n  p o in t '.  Plant 
Physiol. 66. 7 1 0 - 7 1 4 .
F o w le r ,  D ., a n d  U n s w o r t h  M . H .: 1 9 7 9 .  "T u rb u le n t  t r a n s fe r  o f  s u lp h u r  d io x id e  t o a  w h e a t  c r o p ',  Q.J. 
R. M ctcorol. Soc. 1 0 5 .  7 6 7 - 7 8 3 .
F u l le r .  R .  M ..  G r o o m , G .  B .  a n d  J o n e s ,  A .  R .:  1 9 9 4 .  ‘ T h e  la n d  c o v e r  m a p  o f  G r e a t  B r ita in : An 
a u to m a te d  c la s s i f i c a t io n  o f  la n d s a t  th e m a t ic  m a p p e r  d a t a '.  Photogram m etric Engineering anil 
Rem ote Sensing  6 0 , 5 5 3 - 5 6 2 .
G o u w . J .  A . .  C a r le to n , J .  H .. C u s te r .  T . G .  a n d  F a l l .  R . :  19 9 9 .  "E m is s io n s  o f  v o la t i l e  o rg a n ic  com­
p o u n d s  fr o m  c u t  g r a s s  a n d  c l o v e r  a re  e n h a n c e d  b y  th e d r y in g  p r o c e s s ' .  Geophys. Res. Leu. 26. 
8 1 1 - 8 1 4 .
M a n n h e im , T ..  B r a s c h k a t .  J .  a n d  M a r s c h n e r .  H .: 1 9 9 7 .  " A m m o n ia  e m is s io n s  fr o m  s e n e s c in g  plants 
a n d  d u r in g  d e c o m p o s t io n  o f  c r o p  r e s id u e s ',  Z. Pflanzenerncilir. Boilenk. 1 6 0 .  1 2 5 - 1 3 2 .  (in 
G e r m a n ) .
N e m it z ,  E . ,  S u t to n . M . A . .  F o w le r .  D .. S c h jo r r in g .  J .  K . .  H u s te d . S .  a n d  W y e r s ,  G .  P.: 2000. 
" R e s is t a n c e  m o d e l l in g  o f  a m m o n ia  e x c h a n g e  a b o v e  o i l s e e d  r a p e ’ . Agrie. Forest Meteorol. 105. 
4 0 5 - 4 2 5 .
S c h jo e r r in g ,  J .  K . .  H u s te d . S .  a n d  M a t t s s o n , M .:  1 9 9 8 .  " P h y s io lo g ic a l  p a ra m e te r s  c o n tr o ll in g  plant- 
a tm o s p h e re  e x c h a n g e ',  Atm os. Environ. 3 2 .  4 9 1 - 4 9 8 .
S c h e u p p ,  P. H .. L e c le r c .  M . Y . .  M a c P h e r s o n ,  J .  I. a n d  D e s ja r d in s .  R .  L . :  1 9 9 0 .  ‘ F o o tp r in t  p red iction  of 
s c a la r  f lu x e s  f r o m  a n a ly t ic a l  s o lu t io n s  o f  th e  d i f fu s io n  e q u a t io n " .  Bound.-Layer Met. 5 0 .  3 5 5 - 3 7 3 .
S u tto n . M . A . ,  F o w le r .  D . a n d  M o n c r ie f f ,  J .  B . :  1 9 9 3 .  ‘ T h e  e x c h a n g e  o f  a tm o s p h e r ic  a m m o n ia  with 
v e g e ta te d  s u r fa c e s  I: U n fe r t i l iz e d  v e g e t a t io n '.  Q. J. R. Meteoro!. Soc. 1 1 9 .  1 0 2 3 - 1 0 4 5 .
S u tto n . M . A . ,  S c h jo e r r in g ,  J .  K .  a n d  W y e r s ,  G .  P .: 1 9 9 5 .  "P la n t -  a tm o s p h e r e  e x c h a n g e  o f  am m on ia ’ . 
Phil. Trans. R. Soc. Lond.. A  3 5 1 .  2 6 1 - 2 7 8 .
S u t to n . M . A . .  M i l fo r d .  C . .  D r a g o s  its , U ..  S in g le s .  R . .  F o w le r .  D .. R o s s .  C . ,  H i l l .  R . .  J a r v i s .  S .  C .  Pain. 
B .  P.. H a r r is o n . R . ,  M o s s .  D .. W e b b . J . .  E s p e n h a h n . S .  E . .  H a l l iw e l l .  C . .  L e e .  D . S . .  W yers. G. 
P.. H il l .  J .  a n d  A p S im o n .  H . M .:  1 9 9 7 ,  "G r a d ie n t s  o f  A t m o s p h e r ic  A m m o n ia  C o n c e n tra t io n s  and 
D e p o s it io n  D o w n w in d  o f  A m m o n ia  E m is s io n s :  F ir s t  R e s u lt s  o f  th e A D E P T  B u rr in g to n  Moor 
E x p e r im e n t ’ , in  B .  P. P a in  a n d  S .  C .  J a r v i s  (e d s ) . G aseous Exchange with Grassland Systems. 
C A B  In te r n a t io n a l,  W a l lin g fo r d .  U . K . .  p p . 1 3 1 - 1 3 9 .
v a n  B r e e m e n . N . a n d  v a n  D i jk .  H . F. G . :  1 9 8 8 .  " E c o s y s t e m  e f fe c t s  o f  a tm o s p h e r ic  d e p o sitio n  ol 
n it r o g e n  in T h e  N e t h e r la n d s ’ . Env. Pollut. 5 4 .  2 4 9 - 2 7 4 .
W h ite h e a d , D . C .  a n d  L o c k y e r ,  D . R . :  19 8 9 .  "D e c o m p o s in g  g r a s s  h e r b a g e  a s  a  s o u r c e  o f  am m o n ia  in 
th e a tm o s p h e r e ’ , Atm os. Environ. 2 3 .  1 8 6 7 - 1 8 6 9 .
W yers. G . P .. O t je s .  R .  P. a n d  S la n in a ,  J . :  1 9 9 3 ,  "A c o n t in u o u s  f lo w  d e n u d e r  fo r  th e m easurem ent of 
a m b ie n t  c o n c e n tr a t io n s  a n d  s u r fa c e  f lu x e s  o f  a m m o n ia ’ , Atm os. Environ. 2 7 A .  2 0 8 5 - 2 0 9 0 .
Plant ami Soil 2 3 8 : 97-110,2002.
© 2002 Kluwer Academic Publishers. Printed in the Netherlands. 97
Seasonal variability of apoplastic NH4 and pH in an intensively managed 
grassland
Benjamin Loubet1-3, Celia Milford2, Paul W. Hill2, Y. Sim Tang2, Pierre Cellier1 & Mark A. 
Sutton2
1Institut National de la Recherche Agronomique (INRA), 78850 Thiverval-Grignon, France.
2C entrefor Ecology and Hydrology (CEH), Bush Estate, Penicuik, EH26 0QB, Scotland.
3 Corresponding author
Received 22 March 2001. Accepted in revised form 27 September 2001
Key words: ammonia, apoplast, compensation point, Lolium perenne L „  pH
Abstract
The stomatal compensation point of ammonia ( xs) is a major factor controlling the exchange of atmospheric 
ammonia (NH3 ) with vegetation. It is known to depend on the supply o f nitrogen and to vary among plant species, 
but its seasonal variation has not yet been reported for grassland. In this study, we present the temporal variation 
o f apoplastic NH4 + concentration ([NH4+]apo) and pH (pHapo) measured in leaves of Lolium perenne L. in a 
grassland, through two periods of cutting /  fertilisation, followed by a livestock grazing period. The total free 
NH4+ concentration measured in foliage ([NH4 +]fol), and soil mineral NH4+ and NCb-  concentration are also 
presented. The value o f [NH4 + ]apo varied from less than 0.01 mM to a maximum o f 0.5 mM occurring just after 
fertilisation, whereas the apoplastic pH ranged from pH 6  to 6.5 for most of the time and increased up to pH 7.8, 9 
days after the second fertilisation, when grazing started. [NH4 +]f0i varied between 20 and 50 p g N-NH4+ g- 1  f.w. 
The compensation point at 20°C, ranged from 0.02 p g  NH3 m~ 3 between the fertilisations to \0  p g  NH 3 m~ 3 just 
after the second fertilisation. The reasons for these seasonal changes are discussed, with respect to plant metabolism 
and the concentration o f ammonium and nitrate in the soil.
Introduction
The stomatal compensation point for ammonia ( / j )  is 
the NH 3 concentration in the sub-stomatal cavity of a 
plant at equilibrium with ammonium in the apoplast. 
It is a major parameter controlling the strength and the 
direction o f NH 3 exchange between vegetation and the 
atmosphere (Sutton et al., 1995). It has been shown 
that, due to differences in Xs, fertilised crops can 
volatilise ammonia (Francis et al., 1997; Schjprring 
et al., 1993a), whereas deposition is more likely for 
semi-natural ecosystems (Flechard and Fowler, 1998; 
Sutton et al., 1994). Therefore, a better characterisa­
tion o f Xs in relation to nitrogen supply, management 
practices, and plant species, is crucial to understand 
NH 3 exchange with vegetation.
The stomatal compensation point is often assessed 
from simultaneous measurement of fluxes and con­
centration either by micrometeorological techniques 
(Fléchard and Fowler, 1998) or by chamber measure­
ments (H ill, 1999; Mattsson and Schjprring, 1996). 
Another technique, is based on the determination of 
the leaf apoplastic NH4+ concentration ([NH4 + ]apo) 
and pH (pHap0) by means of apoplastic extraction 
(Husted and Schjprring, 1995). The two techniques 
are complementary. The apoplast extraction technique 
can give a measure o f the local variability o f x.j, and is 
independent of any cuticular interactions, which may 
affect the micrometeorological and chamber estimates 
(Fléchard et al., 1999; Sutton et al., 1995).
When combined with measurement o f plant N con­
tent, free NFLi+ in leaf foliage ([NH4+ ]f0 i) and soil 
chemistry, the extraction technique provides a basis 
to analyse the interactions involved in the variation of 
Xs with time. The assimilation o f NH V in the leaves, 
and therefore [NH4+]ap0, are related to the metabolic
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activity (Yin et al., 1996), most probably through the 
activity of the glutamine synthetase enzyme (GS), as 
shown by several laboratory experiments (Mattsson 
and Schjprring, 1996; Olsen et al., 1995; Pearson et 
al., 1998). The decrease of GS activity is also thought 
to be responsible for NH3 emissions from senescing 
leaves (Farquhar et al., 1979; Pearson et al., 1998 
Schjprring et al. 1993b; Woodall et al., 1996).
It has been shown for several species that Xs in­
creased with increasing nitrogen supply to the roots 
(H ill, 1999; Mattsson and Schjprring, 1996, 1999). 
However, the quantitative relationship between the 
amount of N supplied to the plant and Xs is still not 
clear, because both [NH4+ ]apo and pHap0, which de­
termine X s , are affected by root uptake of nitrogen. 
Indeed, Olsen et al. (1995) found a systematic increase 
of [NH4 +]f0i in leaves of oilseed rape with increasing 
N supply (either as NO3 -  or NH4+ ), but this increase 
was not correlated with NH3 emissions, which sug­
gests that Xs did not increase. This may be due to the 
change o f pHapo, which seems to increase with N 0 3 ~ 
supply, and may decrease with NH4 + supply (Hoff­
mann et al., 1992; Sutton et al., 1995; Yin and Raven,
1997).
In this paper, we report the results o f a 5-month ex­
periment, in intensively managed grassland in south­
ern Scotland. The apoplastic extraction approach was 
applied to assess the effects of cutting, fertilising and 
grazing on [NH4+ ]apo, pHapo, and X s■ In parallel, soil 
ammonium and nitrate concentration were measured 
to provide a basis for analysing the processes involved 
in controlling Xs-
Material and methods
The experimental fie ld  and sampling
The measurements reported here were made as part of 
an integrated experiment under the EU GRAMINAE 
(GRassland AMmonia INteractions Across Europe) 
project (Sutton et al., 2001). Experimentation took 
place in two intensively managed grassland fields at 
Bush Estate (near Edinburgh, Scotland) (M ilford et 
al., 1999). Both fields received 270 kg N ha- 1  y r- 1  
(27 g N m~ 2 yr-1 ) as compound fertiliser in pellet 
form (Kemira N-P-K (26%, 5%, 10%)) with the N 
as ammonium nitrate. Species composition was dom­
inated by L. perenne (>90%). The two fields are 
referred hereafter as north and south fields, according 
to their relative position. They were cut and fertil­
ised three times during the year at different times,
and then grazed from late summer onwards by cattle 
and sheep (Table 1). We present measurements of 
[NH4+]apo and pHapo in leaves of L. perenne, from 
May 1998 to October 1998, which covers the last 
two cutting/fertilisation events, and the grazing period. 
The grazing was variable, with an average stocking 
density o f approximately 1 livestock unit per hectare, 
and in maximum periods up to 1 1  livestock units ha- 1  
(Table 1). There is a period, after the first cut, from the 
15 June-10 July, when the data were discarded, due to 
problems in the extraction technique.
Samples of L. perenne were taken from four ran­
dom locations in the field. Leaves were cut higher 
than 3 cm above the ground. A ll leaves sampled were 
still attached to the plant, and no litter leaves were 
taken. In the laboratory, located 500 m from the field, 
the four samples were homogenized, and green leaves 
only were cut into segments of 3-5 cm for apoplastic 
extraction. A  segment of 0.5 cm was cut from each 
leaf for determination o f [NH4+ ]f0i. After the field 
was cut, the grass left was very short (~5 cm), and 
in order to obtain sufficient plant material, leaves had 
to be sampled from more than four locations. After 
the cuts, mainly stubble was left, and the proportion of 
senescing leaves increased. In order to minimise the 
sampling bias, only green leaves, above the stubble, 
were sampled following the cut. After a few days, 
fresh re-growing leaves were also sampled.
Additional measurements of [NH4+]f0i were made 
in order to assess the detailed time evolution of 
[NH4+]f0i. The grass sampled for this purpose in­
cluded older leaves that were avoided for apoplastic 
extraction (due to contamination problems). This lead 
to two sets o f data for [NH4+]f0j after cutting, one for 
green leaves, which corresponds to the same samples 
as for [NH4+]apo and pHap0, and one for ‘yellow- 
green’ leaves, corresponding to live older leaves, but 
not detached (no dead litter was sampled).
Determination o f  the lea f tissue N H t concentration 
([NH+ ]M )
The leaf segments were cut into smaller pieces, frozen 
in a ceramic mortar with liquid nitrogen (—210 °C), 
and quickly ground into a powder with a ceramic 
pestle. Two samples o f approximately 0.1 g o f this 
powder were taken, weighed, and put into a 1.5 ml 
Eppendorf tube with 1 ml of de-ionised water. The 
samples were shaken a few seconds by hand, left 
between 2 and 5 minutes to equilibrate. The samples 
were then centrifuged for 1 0  minutes, at 2 0 0 0  g, and
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Table 1. Dates of cutting, lifting, fertilising and grazing in the north and 
south fields during 1998, together with the amount of nitrogen supplied 
as compound (N-P-K) fertiliser, and estimated livestock units during the 
grazing period
Event North field South field
Date N supply“ 
kg N ha - 1
Date N supply“ 
kg N ha - 1































“ 1 h a=  1 0 4  m2.
4 °C, to separate the plant material from the solu­
tion. The supernatant was then decanted and filtered 
with cotton wool plugs as syringe-tip filters to remove 
large particles (note that it is not necessary to perform 
micro filtration since the AMFIA system involves dif­
fusion of NH3 across a membrane into a counter flow 
of deionised water), and remaining plant tissues. The 
filtered solution was then frozen in liquid nitrogen, 
and stored in a freezer at —18 °C, prior to analysis 
for NH4+, with an AMmonium Flow Injection Ana­
lyser (AMFIA, ECN, Netherlands). [NH4+]f0i was 
then calculated as:
[NHTjfoi -  [NH+]sol x




where [NH4+]soi is the NH4+ concentration of the 
filtered solution (¿¿g NH4+-N  g-1 ), [NH4+]f0i is in 
units of ¿¿mol NH4+ g- 1  f.w., Mn and Mnh4 are the 
molecular mass of nitrogen and ammonium respect­
ively (g mol-1 ), and m /w is the mass of fresh leaves 
(g)-
The extraction technique does not guarantee that 
all NH4+ is extracted from tissues. However, the 
grinding and freeze-thaw processing ought to be 
enough to disrupt the cells, and the large volume of 
water relative to the plant tissue should ensure that 
almost all free NH4+ was extracted. Furthermore,
assuming that the degree of extraction is constant 
between extracts, this method gives an indication of 
tissue NH4+ concentration that can be used to analyse 
its variation with time.
Apoplastic extractions 
Extraction technique
The vacuum infiltration technique, slightly modified 
from the method of Husted and Schjprring ( 1995), was 
used to determine [NH4+]apo and pHapo. Leaf seg­
ments were cut, successively washed with tap water 
and de-ionised water, in order to avoid any con­
tamination from fertiliser or animal excrements. The 
cleaning was found to be essential, especially during 
the grazing period, when leaf surfaces could be heav­
ily contaminated with NFL(+ . Tests proved that this 
cleaning was sufficient to avoid any noticeable con­
tamination. The clean leaf segments were separated 
into four replicates, infiltrated with an indigo carmine 
solution (50 ¿¿mol l-1 ), using a 60 mL syringe by 
successively creating vacuum and pressure by hand. 
The infiltrated leaves were dried with clean laboratory 
tissues, and the apoplastic solution was then extracted 
by centrifugation at 500 g for 10 min at 4 °C. The time 
lapse between infiltration and extraction of the leaves 
was about 5 min. The extracted solution was then
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frozen in liquid nitrogen and stored at — 18 °C prior to 
analysis. The whole treatment took about 20 min from 
the cutting of the leaves until the end of the extraction. 
The infiltration was made at room temperature (15-20 
°C), and the extracted volume varied between 80 and 
2 0 0  Ail.
Analysis of pH and NH4+ concentration in the 
apoplast (pHap0 and [NH4+]ap0)
The pH of the extracted solution was measured using 
a semi-micro pH electrode (Mettler Toledo, Inlab 423, 
Electroly, 9811). [NH4+ ] of the extracted solution 
was determined with AMFIA, using calibration solu­
tions (NH4CI in de-ionised water) of 0.1 and 1.0 fig 
NH4+ kg- 1  or 1.0 and 10 pg  NH4+ kg- 1  depending 
on the concentration of the samples. De-ionised wa­
ter was used for the zero standard. Within the range 
of dilutions of the extracts, Nielsen and Schjprring
(1998) and Hill et al. (2001) have shown that the apo- 
plastic pH is buffered, and therefore, in contrast to 
Husted and Schjprring (1995), no dilution correction 
for [H+]apo dilution was applied. Nielsen and Schjpr- 
ring (1998) have also shown, for Brassica napus L., 
that [NH4+]apo tended to be regulated during infiltra­
tion, by rapid exchange of NH4+ and H+ through the 
cell walls. However, Hill et al. (2001), did not find 
such a homeostasis for [NH4+]apo in Luzula sylvatica 
(Huds.) Gaud. In the absence of further information 
regarding infiltration of L. perenne, no correction was 
applied for dilution effects on [NH4+]apo.
Test for cytoplasmic contamination 
Cytoplasmic contamination of the apoplast during 
the extraction procedure was tested by performing 
the extraction using a buffered solution (0.1 M N- 
tris[hydroxymethyl]methyl-2-aminoethanesulphonic 
acid, 2 mM dithiothreitol and 0.2 mM EDTA), and 
comparing the activity of the enzyme Malate Dehydro­
genase (MDH) (EC 1.1.1.37) in the apoplastic extracts 
to its activity in the leaf homogenates, as described 
in Husted and Schjprring (1995). Based on four rep­
licates, the MDH activity in the apoplastic extracts 
was less than 0.3% of that in the bulk extracts. Al­
though this ratio is very low, since [NH4+]f0i is much 
larger than [NH4+ ]apo, calculation shows that the con­
tamination of the apoplastic extract with cytoplasmic 
ammonium may lead to an overestimate in [NH4+ ]apo 
of up to 8%.
Calculation of the ammonia stomatal compensation 
point (Xs) and uncertainty
The stomatal compensation point concentration (Xs) 
was calculated from [NH4+ ]apo and pHapo using the 
following equation, which expresses the NH.V equilib­
rium at the apoplast-atmosphere interface:
t t  ts rs [NHj]apo q
Xs(20) =  M nh3 x Kh20 x K d20 x -   x 10
Japo
(2)
where x.?(20) is the stomatal compensation point at 20 
°C (in pg  NH3 m-3 ) Mnh2 is the molecular mass of 
NH3 (in g mol-1 ), Kh20 is the dimensionless Henry 
dissociation constant at 20 °C, K d20 is the acidity dis­
sociation constant of the acid-base couple NH3/NH4+ 
at 20 °C (in mol l-1 ), and [H+]apo and [NH4+]apo are 
in mol I-1 . The product Kh20 x K d20 was 2.25 x 10-13 
mol I-1 . The ratio of [NH4+ ]apo to [H+ ]ap0, called 
F, is temperature independent and is therefore often 
used as a non-dimensional variable instead of Xs(20) 
(Sutton et al., 1995, 2001). The relationship between 
the two variables is: F =  262 X j ( 20)> with the units 
given above.
Based on the ratio of the standard deviation to the 
mean for the 4 replicate measurements of [NH4+ ]apo 
at each time-point, an average standard deviation 
of 58% for [NH4+]ap0 was estimated for the whole 
period. Using the same approach, an average standard 
deviation of 0.3 pH units was found for pHapo. These 
estimates represent the average scatter of the data at 
each time point, which is a more robust estimate of the 
uncertainty of the method than standard deviation at 
each time point. However, the error varied with time: 
it was larger after cutting and fertilisation. The com­
bination of these averaged standard deviation with Eq. 
(2), allowed assessment of the uncertainty in Xj(20)> 
which can be expressed in terms of a relative range of 
variation [20%; 240%]. The non-symmetry of the un­
certainty is due to the logarithmic relationship between 
[H+]apo and pHapo.
Measurements of soil [NH4+] and [NOs~ ]
Soil measurements were determined for the South and 
the North field separately due to different timing of 
management activities. Five soil cores (separated into 
two layers: 0-0.15 m and 0.15-0.30 m) were taken in 
each field along a horizontal transect from the meas­
urement equipment. The samples were bulked and a 
sub-sample (approximately lOOg) was analysed for 
moisture content (% weight loss on drying for 24 h
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at 105 °C). Another sub-sample was frozen at — 18°C, 
and extracted at a later date (15 g soil extracted with 
50 mL 1M KCL), and then analysed for soil avail­
able NH4+ and NO3-  by colorimetry (Henriksen and 
Selmer-Olsen, 1970). Soil measurements were made 
fortnightly throughout the year and at greater fre­
quency before and after management activities (e.g. 
cutting, fertilising).
Results
Leaf apoplastic ammonium ([NH/\+]apo)
Figure 1 shows [NH4+]apo in leaves of L. perenne, 
measured from the 29 May to the 2 October. There 
was a large temporal variability during the period. 
Two weeks after the first fertilization, [NH4+]apo was 
between 0.006 ±  0.001 mM and 0.03 ±  0.009 mM, 
for both fields (average ±  standard deviation over the 
four replicates). By contrast, 8-10 days following the 
second fertilisation, there was a substantial increase 
of [NH4+ ]apo, up to 0.6 ±  0.4 mM in both fields. 
Such an increase was also observed after the first fer­
tilisation, although only one measurement is available. 
Figure 1 shows no significant increase of [NH4+]apo 
in the periods after cutting but before fertilisation. 
Following the second fertilisation, during the grazing 
period, [NH4+]apo was as small as between the two 
fertilisation events.
Leaf apoplastic pH (pHapo)
Figure 2 shows pHapo in leaves of L. perenne. On av­
erage, pHapo increased over the period, and ranged 
from below pH 5.7 to above pH 7.8. The pattern is 
very different from that of [NH4+ ]apo during the same 
period (Figure 1). Indeed, before the 13/08, pHapo var­
ied within the range pH 5.6-pH 6.9, but then increased 
sharply on the 14/08 (9 days after fertilisation, and also 
4 days after grazing has started) and then decreased 
slowly to a value between pH 6 and pH 6.8 (more than 
30 days later). Figure 2 shows that neither cuts nor 
fertilization had an immediate effect on pHapo.
Compensation point (Xs(20)J and  F
Measured [NH4+]apo and pHapo were used to assess T, 
the ratio of [NH4+]ap0 to [H+]apo (Figure 3). Values 
of Xs(20) are given in a separate axis. Before 05/08, T 
ranged roughly between 6 and 70, which corresponds 
to X.t(20) ranging from 0.04 and 0.5 pg  NH3 m-3 .
Then, as with [NH4+]apo, T increased sharply the 
day after the second fertilisation, to reach values lar­
ger than 2000, which corresponds to x^(20) = 1 4  /xg 
NH3 m~3. T then decreased slowly, to reach its pre­
vious level 20 days later. The evolution of F after 
fertilisation varied more in the northern field, but the 
trend is similar in both fields.
It is striking to note that F, and therefore Xs(20), did 
not increase in both fields after the first cut/fertilisation 
event, even though more nitrogen was supplied than 
in the second fertilisation. Although there is only one 
data point available immediately after the first fer­
tilisation, which prevents definitive conclusions, the 
small T after the first fertilisation is attributed to a 
small pHapo (Figure 2), while [NH4+ ]apo increased 
(Figure 1).
Total free ammonium in leaves ([NH4+]{0i)
Figures 4a and 4b show the total free ammonium 
concentration in green healthy leaves, and live yellow- 
green leaves of L. perenne respectively. Figure 4a 
shows that before the second fertilisation, [NH4+]f0i in 
green leaves was stable at around 20 pg  NH4+-N g-1 
f.w., and even lower before the first fertilisation. Two 
days after the first fertilisation, [NH4+ ]f0i in green 
leaves increased up to 80 p g  N - N H 4 +  g~ ' f.w. in the 
south field, but did not increase in the north field (only 
one measurement 6 days after fertilisation). After the 
second fertilisation, [ N F L t + ] f 0 i in green leaves in­
creased again to almost 80 pg  NH4+-N g- 1  f.w. in 
the north field but not in the south field. However, in 
both fields, [NH4+]f0i in green leaves increased later, 
to reach a peak 8-9 days after the second fertilisation, 
at the same time as pHapo reached a maximum (Fig­
ure 2), and [ N H 4 + ] apo started to decrease down to its 
original level (Figure 1). From the 26 August onwards, 
[ N H 4 + ] f 0 i in green leaves stabilised at 30 p g  N H 4 "1" -  
N g- 1  f.w., a level slightly higher than prior to the 
second fertilisation.
Figure 4b shows that the ‘yellow-green’ leaves, i.e. 
older leaves, have similar [NH4+ ]f0i as green leaves 
in between fertilisation events, but represent a very 
different pattern after cutting and fertilisation. A few 
days after the first fertilisation, [NH4+]f0i of yellow- 
green leaves increased to 80 pg  NH4+ -N g- 1  f.w. 
in the south field and 180 pg  NH4+ -N g- 1  f.w. in 
the north field. [NH4+]f0i of yellow-green leaves then 
decreased slowly to its original level in about three 
weeks. After the second cut, [NH4+ ]f0i of yellow- 
green leaves increased up to 220 pg  NH4+-N  g- 1  f.w.
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Figure 1. Apoplastic NH4 + concentration in leaves of Lolium perenne L. ([NH4 + ]apo), measured in two fields of intensively managed 
grassland, at Bush Estate (Scotland). Vertical lines show management events (see Table 1): dotted lines = cut, bold line = fertilisation, and bold 
dashed lines = grazing. Here, N and S stand for north and south fields, respectively. Fertilisation consisted of 104 kg N ha- 1  (10.4 g m ~2) and 
65 kg N ha (6.5 g m- 2 ) for the first and the second fertilisation, respectively. Error-bars indicate the standard deviation over 4 replicates.
in the south field and 180 /xg NH4+-N  g- 1  f.w. in the 
north field, and then decreased in both fields to reach 
its original level just after fertilisation. Since in both 
fields, [NH4+]f0i of yellow-green leaves behave sim­
ilarly, this gives confidence that the pattern is not only 
scatter, but also reveals a different behaviour between 
[NH4+]f0i in green and yellow-green leaves.
Soil N 0 3~ and NHn+ concentration
Figure 5 shows the [NH4+]son and [N0 3~]soii of 
two soil layers (0-0.15 m and 0.15-0.3 m). Both 
[ N H 4 + ] so ii and [ N 0 3 —] soi i  are quite variable through­
out the period. Some general features can be observed: 
after the first cut/fertilisation, NH4+ concentration is 
rather large, and N C > 3 ~  concentration is rather low, 
while it is the opposite after the second fertilisation. 
Whereas after the first cut/fertilisation, [NFU+]Soii 
stays high and [ N 0 3  —] soi i  decreases, both [ N H 4 + ] soii  
and [ N O 3 —Is o il increase immediately after the second 
cut, before fertilisation.
Discussion
Seasonal variation of apoplastic pH
The apoplastic pH (Figure 2) ranged from pH 5.3 to 
pH 7.8. The maximum is slightly higher than reported 
measurements using a range of techniques (Hanstein 
et al„ 1999; Hoffmann et al„ 1992; Husted and Schjpr- 
ring, 1995; Husted et al., 2000; Pearson et al„ 1998). 
The most striking feature in Figure 2 is the sharp 
increase of pHapo, 9 days after the second fertilisa­
tion, and 4 days after the start of grazing. It is very 
unlikely that this peak was due to contamination dur­
ing extraction because: (i) both fields show the same 
pattern, (ii) the peak appears lately, while contamin­
ation would have occurred just after fertilisation or 
start of grazing, and (iii) the smooth decrease after 
the peak could not be explained by a contamination 
effect. In addition, the extraction protocol was spe­










Figure 2. Apoplastic pH in leaves of Lolium perenne L. (pHapo), measured in two fields of intensively managed grassland, at Bush estate 
(Scotland) during a cutting-fertilising event. Vertical lines show management events (see Table 1): dotted lines = cut, bold line = fertilisation, 
and bold dashed lines = grazing. Here, N and S stand for north and south fields, respectively. Fertilisation consisted of 104 kg N ha - 1  (10.4 
g m- 2 ) and 65 kg N ha- 1  (6.5 g ni- 2 ) for the first and the second fertilisation, respectively. Error-bars indicate the standard deviation over 4 
replicates.
Once the assumption of contamination has been 
dismissed, other factors can be evaluated. It has pre­
viously been shown, both with theoretical arguments 
and laboratory experiments, that absorption of NH4+ 
by the roots may lead to acidification of the apo- 
plast (Hoffmann et al„ 1992; Raven, 1985), whereas 
NO3-  uptake gives rise to alcalinisation of the apo- 
plast (Farquhar et al., 1983; Hoffmann et al., 1992). 
The patterns of [NH4+]soii and [NO3 —]SOii (Figure 5) 
support the hypothesis that pHap0 is linked to the ratio 
of [N 03—Jsoii to [NH4+ ]S0ii; a plot of pHapo against 
the ratio [NH4+]S0ii/[NO3_ ]Soii for the whole period, 
showed a lightly negative, though very scattered cor­
relation (R2 -  0.14, slope = —0.04, data not shown). 
Moreover, as suggested by the recent findings of Lou- 
ahlia et al. (2000) on L. perrenne, the potential NH4+ 
uptake rate decreases to reach a minimum about 10 
days after defoliation and fertilisation, whereas the po­
tential NO3-  uptake rate shows a maximum around 
10-15 days following defoliation and fertilisation.
This suggests that, the peak of pHapo is most likely 
due to a larger ratio of NO3“ to NH4+ uptake, res­
ulting from the larger [NO3—]SOii to [N H 4 + ]S0¡i ratio 
and the larger root uptake ratio. As another element 
to confirm this hypothesis, Louahlia et al. (2000) have 
shown, in field conditions, that the part of N allocated 
to regrowing leaves, coming from current root uptake 
increases from 30% to 70% between 10 and 15 days 
following defoliation.
Change of apoplastic NH^+ in relation to 
management events
The apoplastic NH4+ concentration, measured in 
healthy green leaves between fertilisations, is compar­
able to that reported by other authors for L. perenne 
(Herrmann et al., 1999; Mattsson and Schjprring, 
1999). After fertilisation, [NH4+]apo is comparable 
to reported measurements on plants receiving large 







N S N S
| I 
o I








/ {  
o  ■- o
Ô
4 -
: °  V.
b li \
n  i o  %
A .\o..


















25/05/98 24/06/98 24/07/98 23/08/98 22/09/98
Time, GMT
Figure 3. Evolution of the ratio of [NH4 + ]nPo to [H+ ]apo (F) in leaves of Lolium perenne L., measured in two fields of intensively managed 
grassland, at Bush estate (Scotland) during a cutting-fertilising event. Also given is the compensation point concentration at 20 °C (Xj20)- 
Vertical lines show management events (see Table 1): dotted lines = cut, bold line = fertilisation, and bold dashed lines = grazing. Here, N and 
S stand for north and south fields, respectively. Fertilisation consisted of 104 kg N ha - 1  (10.4 g m- 2 ) and 65 kg N ha - 1  (6.5 g m- 2 ) for the 
first and the second fertilisation, respectively.
Hanstein et al„ 1999; Husted et ah, 2000; Mattsson 
and Schj0rring, 1996).
In both fields, [NH4+ ]apo did not increase after 
cutting, but increased roughly 10 days later, just after 
fertilisation (Figure 1). This pattern of [NH4 +]apo 
might be linked to the cutting as well as the fertil­
isation. Indeed, previous studies on the dynamics of 
grass regrowth (Jarvis and Macduff, 1989; Mattsson 
and Schjprring, 1999; Ourry et al., 1990; Sutton et 
ah, 2001) suggests that in L. perenne, for a period of 
7-15 days following defoliation, the proportion o f N 
coming from root uptake o f NFLt-1- or NC>3 ~ can be 
reduced, compared to N remobilised from reserves in 
the remaining plant (Louahlia et ah, 2000; Ourry et 
ah, 1988, 1994). This nitrogen transfer to growing 
leaves mainly originates from roots and stubble and 
possibly remaining older leaves, and could lead to a 
large NFL}+ production in the senescing tissues (Pear­
son et ah, 1998; Schjprring, 1991). Indeed, Ourry et 
ah (1989) report that the content o f soluble proteins
decreases by 30^-0% in older tissues during the week 
after cutting, and Louahlia et ah (2000) report, during 
the same period, a 47 and 43% decrease in N-content 
o f the roots and stubble, respectively. However, i f  as 
reported by Tourraine et ah (1988), nitrogen is trans­
ported as organic acids or amines, which are directly 
assimilated in the developing leaves, [NH4 + ] ap0 might 
remain low in the growing tissues during the first week 
following cutting. This may explain why [NH4 + ] ap0 o f 
green leaves did not noticeably increase in the week 
following cutting (Figure 1). More work is needed to 
understand how nitrogen is transported from roots and 
stubble to younger leaves following defoliation in L. 
perenne.
The sudden increase o f [NH4+ ]apo observed fo l­
lowing both fertilisation events (Figure 1), can be 
explained by three hypotheses:
(HI) During a few days following cutting, the 
proportion of N coming from root uptake used 











Figure 4. Tissue NH4 + concentration in leaves o f Lolium perenne L. ([NH4 + ]y0/), measured in two fields of intensively managed grassland, 
during a cutting-fertilisation-grazing period, (a) [NH4 + ]f0j for green leaves (same samples as [NH4 + ]apo and pHapo), and (b) [NH4 + ]f0i for 
‘yellow-green’ leaves (older leaves). Vertical lines show management events (see Table 1): dotted lines = cut, bold line = fertilisation, and bold 
dashed lines = grazing. Here, N and S stand for north and south fields, respectively. Fertilisation consisted of 104 kg N ha- 1  (10.4 g m- 2 ) and 
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N 0 3 -0-0.15 m ^ r - N 0 3 - 0.15-0.3 m □  NH4+ 0-0.15 m - •NH4+ 0.15-0.3 m
Figure 5. Soil NH4 + and NC>3 _ concentration, in fxg g of dry soil, (named [NH4 + ]soü and [NO3 —]soil, respectively), in two layers of soil: 
0-0.15 m and 0.15-0.3 m. No distinction is made between the south and north field. Vertical lines show management events (see Table 1): 
clotted lines = cut, bold line = fertilisation, and bold dashed lines = grazing. Here, N and S stand for north and south fields, respectively. 
Fertilisation consisted of 104 kg N ha - 1  (10.4 g m - 2 ) and 65 kg N ha- 1  (6.5 g m_ _ ) for the first and the second fertilisation respectively. 
Error-bars indicate the standard deviation over 4 replicates.
al., 2000; Ourry et al., 1990). The increase of 
[NH4+]apo is coherent with the time at which root 
uptake becomes the dominant N source for re­
growing tissues (Louahlia et al., 2000). Since the 
proportion of active photosynthesising leaves is 
still small at that time, the nitrogen that is taken 
up may not be completely utilised, which might 
explain the increase of [NH4+ ]ap0 until the meta­
bolic activity of the plant comes back to normal 
(Ourry et al., 1988, 1994). Mattsson and Schjpr- 
ring (1999) have indeed shown, forL. perenne, that 
the [NH4+]apo reaches a peak 6 days after cutting, 
and then decreases again.
(H2) The [NH4+ ]apo increase immediately after 
fertilisation may be due to the increase of 
[NH4+]SOii, coupled with an active uptake of 
NH4+ by the regrowing plant (as shown by Lou­
ahlia et al., 2000), and by the subsequent trans­
port of NH4+ to the foliar apoplast in the xylem 
(e.g., Mattson et al., 1998). Note that the increase 
of [NH4+]ap0 corresponds to a narrow peak in 
[NH4+ ]SOii. Moreover, the logarithm of [NH4+ ]apo 
is correlated with [NH4+ ]SOii (R2 = 0.29).
(H3) The increase of [NH4+]apo after the second 
fertilisation might also be explained by NC>3~ up­
take from soil since, (i) during regrowth, nitrate is 
also taken up by the roots (Chaillou and Lamaze, 
1997; Saravitz et al., 1994), and (ii) [NO3—]soii 
increased after the second fertilisation (Figure 5). 
Therefore, the increase of [NH4+]apo could be 
explained by the uptake of NC>3~ and the sub­
sequent reduction to NH4"1" either in the roots or 
in the leaves. However, this process alone can not 
explain the observed pattern of [NH4+]apo, since 
[NH4+ ]apo and [NO3—]soii are not correlated (R2 
= 0.05).
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The observed increase of [NH4+]apo following fer­
tilisation events (Figure 1), may well be due to a 
combination of all of the processes given in the three 
hypotheses above: the restart of the nitrogen uptake 
by roots; photosynthesis still not fully efficient; large 
concentrations of NH4"1" and NO3-  in the soil at that 
time (Figure 5).
Change of total free NH^+ content in leaves, in 
relation to management events
The measured [NH4+]f0i in green and yellow-green 
leaves (Figure 4a, b) is in the range previously re­
ported in the literature for several intensively man­
aged species (Pearson et al., 1998; Schjprring et al., 
1993b), although it is higher than reported measure­
ments on L. perenne (Mattsson and Schjprring, 1999). 
[NFU+]foi of green leaves (Figure 4a) increased for a 
short period after both fertilisation events, but there 
was a more continuous increase after the second cut­
ting/fertilisation event to reach a maximum just after 
grazing started (Figure 3). Note that this peak corres­
ponds to when [NH4+]apo starts decreasing (Figure 1), 
and when pHapo reaches its maximum (Figure 2). 
Mattsson and Schjprring (1999) have observed the 
same correlations between [NFU+]f0i of healthy leaves 
and [NH4+ ]apo, following cutting of L. perenne. The 
large [NH4+]apo observed after fertilisation indicates 
an accumulation of NH4+ in the leaves, which in­
duces an increase of [NH4+ ]f0i, since the metabolism 
is not still efficient. Then, as photosynthetic activ­
ity increases, the NFL}+ is taken up by roots, which 
might explain the quick drop of [NH4+]apo, and why 
[NH4+]f0i decreases more slowly, following the meta­
bolic activity coming back to its optimum level.
The measured [NH4+]f0i in live yellow-green 
leaves (Figure 4b) gives additional information on 
the pattern of [NFU+]f0i following the first fertilisa­
tion, and the second cut. After the first fertilisation, 
[NH4+]f0i in yellow-green leaves increased to a peak 
value and then started decreasing to eventually reach 
the original level three weeks later. After the second 
cut, [NFU+]f0i in yellow-green leaves increased be­
fore fertilisation (Figure 4b), but no increase was 
observed either in [NEU+jfoi or in [NFLi+ ]apo of green 
leaves. This may be explained by the breakdown of the 
proteins in older leaves (Ourry et al., 1989; Schjpr­
ring, 1991; Pearson et al., 1998), which is promoted 
following cutting (Louahlia et al., 2000).
In the range 0-60 ¡ig N-NH4+ g- 1  FW for green 
leaves, pHap0 is positively correlated with [NFLt+]f0i
(R2 = 0.56, slope = 0.03, data not shown). If this re­
lationship were to be verified for other species, two 
important results would be drawn: (i) plants with 
larger [NH4+]f0i have larger Xs although [NH4+]apo 
might not be larger; (ii) measurement of [NHU+jfd 
could be used as a useful indicator of the pHap0 which 
is more complicated to measure.
The different patterns of [NH4+]f0i in green and 
yellow-green leaves give rise to many questions, 
but suggests that: (i) There is a large variability of 
[NH4+ ]f0i within the canopy, which may be linked 
to the age of the leaves. This has been already ob­
served for Luzula sylvatica (Hill, 1999). (ii) If such 
variability exists for [NH4+]f0i, similar differences 
may also exist for [NH4+]apo and pHapo. Indeed, Hill
(1999) reports a large variability of pHapo with leaf 
age in Luzula sylvatica. This shows that the extraction 
technique, which is limited to healthy leaves to avoid 
apoplastic contamination during centrifugation, may 
not be representative of the whole canopy. Moreover, 
(iii) micrometeorological measurements have demon­
strated that ammonia is emitted after grassland cutting 
(Milford et al., 1999; Sutton et al., 1998; Sutton et 
al., 2001). The fact that [NH4+]f0i in yellow-green 
leaves increased after cutting is an encouraging res­
ult suggesting that NH3 emissions may result from 
the effect of the cut increasing [NH4+]apo in yellow- 
green leaves, as well as from the better exposure of 
these leaves (that were deep within the canopy before 
cutting) to the free atmosphere following cutting.
Seasonal variation ofT  and the NH3 stomatal 
compensation point
Before the second fertilisation, measured T (Figure 3) 
was among the smallest reported values (T = 20) (Han- 
stein et al., 1999; Sutton et al., 1992), whereas, it 
increased to roughly F = 2000 just after fertilisation, 
and stayed higher than 100 for more than 10 days after­
wards, which is in the range of many reported values 
for well fertilised vegetation (Husted and Schjprring, 
1995; Schjprring, 1997). The corresponding Xj(20) 
cover the range of semi-natural to slightly fertilised 
vegetation as reported by previous work: 0.02-10  p,g 
NH3 m~3. It should be noted that there is currently 
some uncertainty as to whether the present bioassay 
approach leads to underestimation of the value of T 
and Xs (Hill et al., 2001). A possible reason for this 
would be spatial heterogeneity of [NFLi+] and [H+] 
in the apoplast, which is averaged in the extractions. 
However, Hill et al. (2001) agree that despite this un­
1 0 8
certainty, there is no evidence to doubt the relative 
differences in relation to treatments or management 
events, such as are reported here.
The pattern of observed F values results from a 
combination in the changes of [NH4+]apo and pHapo 
over time. The changes in pHapo have a large influ­
ence, and this is shown by the increase of [NH4+]apo 
after the first fertilisation, which is not reproduced 
in T, due to a low pHap0- Also, no increase of F 
is observed after both of the cutting events, which 
is contradictory to ammonia fluxes observed above 
the grassland, after both cuts (Milford et al., 1999; 
Sutton et ah, 2001). The difference between the dy­
namics of measured T, for green leaves, and the 
ammonia fluxes after cutting, raises the question of an 
extra source within the canopy. A likely hypothesis is 
that either the litter leaves (Nemitz et ah, 2000), or 
the older yellow-green leaves contribute to this extra 
source, during the remobilization of nitrogen follow­
ing cutting (Schjprring et ah, 1993b; Mattsson and 
Schjprring, 1996). Although [NH4+ ]apo was not de­
termined for older yellowing leaves, [NH4+]f0i in this 
fraction of leaves increased substantially following 
cutting (Figure 4b), which supports this hypothesis. 
Further comparison of the micrometeorological fluxes 
with the apoplastic measurements presented in this 
study will push forward our understanding of the ex­
change of NH3 between grassland and the atmosphere. 
However, such a comparison is beyond the scope of 
this paper, since it requires a detailed description of the 
micrometeorological measurements as well as surface 
exchange models.
Conclusions
Measurements have shown a large seasonal variabil­
ity of [NH4+]apo and pHapo, and also of [NH4+]f0i in 
leaves of L. perenne. The [NH4+]apo of green leaves 
varied from roughly 0.01 mM in between fertilisation 
events, to more than 0.4 mM following fertilisation. It 
is suggested that the change in [NH4+]apo was a con­
sequence of the combination of the regrowth process 
following cutting, and fertilisation.
The pHapo, which was below pH 6.5 during the first 
part of the season increased up to pH 7.8, 9 days after 
fertilisation and 4 days after the grazing started. This 
increase is correlated with an increase in [NH4+]f0i 
of green leaves (R2 = 0.56), and slightly correlated 
with an increase of the ratio of mineral nitrate to 
mineral ammonium content in the soil (R2 = 0.14).
The peak in pHapo also corresponds to a sudden de­
crease in [NH4+]apo. The seasonal variability of pHap0 
and [NH4+]apo, resulted in a change in X r ( 20)> from 
very low X s ( 20) characterising semi-natural ecosys­
tems (0.02 yu.g NH3 m~3), to large Xs  (20)> encountered 
in well-fertilised vegetation (10 pg  NH3 m-3 ), al­
though it is recognized that the bioassay results may 
be underestimates.
More research is needed to understand the pro­
cesses leading to the seasonal change of the compensa­
tion point, which this study has shown to be large. The 
coupling of models describing the transfer of nitrogen 
in the plant, with soil and apoplastic measurements, 
would be a way forward to explore the mechanisms 
involved in the temporal variability of Xs - The explor­
ation of the spatial variability of X r ( 20) within a plant, 
as may be induced by leaf age, would also help to 
interpret the differences observed between apoplastic 
measurements and ammonia fluxes above the canopy 
following cutting.
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Abstract
The exchange of ammonia (NH3) between the atmosphere and the land surface is controlled by both atmospheric and 
land surface processes and can thus be bi-directional. Whether emission or deposition occurs depends on the nitrogen 
(N) status of the ecosystem. Resistance models have been developed to represent this bi-directional pattern of NH3 
exchange. Major pathways include exchange with leaf cuticles, plant tissues (via stomata) and with the soil surface. 
However, the parameters that quantify the emission potential of the foliage and ground surface, the NH3 stomatal 
compensation point, ^s, and the soil surface NH 3 concentration, / son, respectively, are entirely empirical in these models 
and do not consider the influence of the plant and soil N status. On the other side, grassland ecosystem models simulate 
the ecosystem N dynamics, but until now NH3 biosphere-atmosphere exchange was only treated in a very simple 
manner. A two-layer resistance model for NH3 exchange has thus been combined with the grassland ecosystem model 
PaSim in order to link NH3 exchange with the ecosystem N dynamics. For this purpose, the plant substrate N pool in 
previous versions of PaSim has been divided between apoplastic and symplastic compartments, and the apoplastic 
substrate N pool has been linked to the stomatal NH3 exchange. In addition, soil ammoniacal N (NHV) has been 
partitioned between the soil surface and several soil layers, and the soil surface NH3 exchange has been linked to the soil 
surface ammonium (N H /). The new combined model has been parameterised and applied to an intensively managed 
grassland site in Southern Scotland. The comparison with micrometeorological measurements of NH3 fluxes has shown 
that the model can qualitatively reproduce the effects of cutting and fertilisation on the net NH 3 exchange above the 
canopy. In particular, the model reproduces the expected strong coupling of the NH3 exchange with the dynamics of the 
apoplastic substrate N pool. However, peak NH3 emissions are underestimated, and it is postulated that this could be 
related to the representation of leaf litter emissions from the soil surface in the model, and to the simulated soil N H V 
dynamics. Nevertheless, this new version of PaSim is a valuable tool for investigating the influence of different 
management scenarios or of climate change on NH3 exchange.
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1. Introduction
N H 3 deposition is o f concern since it contributes 
to  eutrophication and acidification o f sem i-natural 
ecosystems (Fangm eier et al., 1994; Bull and 
Sutton, 1998; Ancja et al., 2001; Erism an, 2001). 
In contrast to m any other po llu tan t gases, which 
are consistently deposited, the exchange of N H 3 
between the atm osphere and the land surface is 
controlled by both atm ospheric and land surface 
processes and can be bi-directional. W hether 
emission or deposition occurs depends on the 
nitrogen (N) status o f the ecosystem. F o r inten­
sively m anaged agricultural ecosystems, the N 
balance is mainly driven by agricultural fertilisa­
tion (Schjoerring, 1991; Sutton et ah, 1993a, 2001; 
H arper ct al., 1996), but on unfertilised semi­
natural and natu ra l ecosystems, deposition of 
atm ospheric N H 3 is usual (Sutton et al., 1993b; 
Duyzer. 1994; W yers and Erism an, 1998), and with 
other forms of fixed nitrogen (e.g. wet deposition 
o f N H /  and N 0 3- , dry deposition o f H N 0 3 and 
N 0 2) can influence biodiversity. There are im por­
tan t feedback effects o f ecosystems on the a tm o­
sphere: intense long-term  N  inputs may lead to 
changes in the ecosystem functioning, related to 
increased N  status o f the vegetation and litter, tha t 
decrease net N  input to  the ecosystem (Sutton et 
al., 1995a). In addition, intensively m anaged 
agricultural systems have a large potential for 
N H 3 emission, and thus influence the atm ospheric 
N  balance.
Resistance models have been developed to 
represent this bi-directional pa ttern  o f N H 3 
biosphere-atm osphere  exchange (Sutton and 
Fowler, 1993; Sutton  et al., 1995b; F lechard et 
al., 1999; N em itz et al.. 2001). M ajor pathw ays 
include exchange with leaf cuticles, p lan t tissues 
(via stom ata) and with litter o r the soil surface. 
For the cuticular exchange pathw ay, both  instan­
taneous resistance models (Sutton et al., 1995b; 
Nem itz et al., 2001) and dynam ic models (Sutton 
et al., 1998a; Flechard et al., 1999) have been 
developed. The emission potential o f  the internal 
leaf tissues and ground surface are given by the 
N H 3 gas concentrations at equilibrium  with the 
N H 4" concentration in the apoplastic w ater film, 
Xs (|ig N H 3 m ~ 3), referred to  as the ‘stom atal
com pensation p o in t’, and the soil surface concen­
tration , / soil (pg N H 3 m “ 3), respectively. Values o f
are calculated th rough a therm odynam ic tem ­
perature function o f  apoplastic N H 4+ and H + 
concentration (Sutton et al., 1998a; N em itz et al., 
2001). While there are sound experim ental 
grounds to param eterise the tem perature function, 
the apoplastic N H ^  is entirely em pirical in these 
models. They thus do no t consider the dynam ic 
dependency o f  the apoplastic N H 4+ concentration  
on factors such as m anagem ent, supply o f  N  to the 
roots, p lan t N  level and  developm ent stage (Sutton 
et al., 1993b; W hitehead, 1995; Schjoerring et al., 
1998). A  sim ilar lim itation applies to / soil (Nem itz 
et al., 2001): the soil surface N H 4+ concentration is 
given empirically, and not related to  the soil N  
dynamics. There is consequently a need to link the 
recent developm ents in m odelling bi-directional 
N H 3 exchange with m odelling o f  ecosystem func­
tioning.
Process based ecosystem models cover the 
dynamics o f carbon (C), N , w ater and energy 
fluxes o f the ecosystem in relation to  m anagem ent 
practice, and local climate and soil conditions (e.g. 
Chen et al., 1996; Foy et al., 1999; P arton  et al., 
1998; Li et al., 1992; Shiyomi et al., 2000; Thornley 
and Verberne, 1989; Thornley, 1998; R iedo et al., 
1998). M ost a tten tion  in such m odels w ith regard 
to N  fluxes with the atm osphere has been given to 
the estim ation o f N 20  emissions (e.g. Frolking ct 
al., 1998). However, o ther im portan t parts o f  the 
N  exchange between atm osphere and ecosystem 
were until now treated in a very simple m anner, if 
at all. In particular, m odelling the exchange o f 
N H 3 is an area th a t has received little atten tion  
w ithin process-based ecosystem models. N H 3 ex­
change was so far no t represented as a bi-direc­
tional flux, bu t instead the am ount o f N H 3 
deposition was given as a driving variable for 
model sim ulations (Riedo et al., 1998; Thornley, 
1998), and  soil N H 3 emission did not depend on 
factors such as wind speed and soil pH  (Thornley, 
1998). In the C E N T U R Y  m odel, N  losses through 
volatilisation are assum ed to  be p roportional to 
gross N -m ineralisation (Parton  et al., 1987). In the 
D N D C  m odel (Li ct al., 1992) am m onia volatilisa­
tion from  the soil is calculated as a function o f  the 
am m onia concentration  in the soil liquid phase,
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bu t there is no consideration o f bi-directional 
fluxes.
The objective o f  this study was to im prove the 
representation  o f am m onia fluxes between the 
atm osphere and ecosystem in an  ecosystem model, 
and to  allow the consideration o f  the interactions 
between N  exchange and ecosystem functioning. 
To do this, a resistance model for gaseous N H 3 
exchange (Sutton et al., 1995b; N em itz et al., 2001) 
was coupled with the dynam ic grassland ecosystem 
model PaSim . PaSim  sim ulates above- and below- 
ground dry m atter production  o f  cut, fertilised or 
grazed grassland ecosystems relative to  fluxes of C, 
N , w ater, and energy (Riedo et al., 1998). In earlier 
w ork it was mainly used to  investigate the 
sensitivity of productivity  and C sequestration in 
intensively m anaged grassland ecosystems to  ele­
vated atm ospheric C 0 2 and climate change (Riedo 
et al., 1999, 2000, 2001). To our knowledge the 
present w ork is the first a ttem pt to  couple N H 3 
exchange using a bi-directional resistance model 
with a dynam ic model o f grassland ecosystem 
functioning. This approach  is obviously a m ajor 
advance com pared with the existing bi-directional 
N H 3 exchange models, which do no t consider the 
dynam ics o f ecosystem functioning (e.g. Sutton et 
al., 1995b; F lechard et al., 1999; N em itz et al.,
2001) as it enables the interactions w ith grassland 
m anagem ent and environm ental change to  be 
addressed. Equally, it is a significant advance 
com pared w ith the existing dynam ic ecosystem 
m odels (e.g. Thornley, 1998; R iedo et al., 1998; 
F rolking et al., 1998), in th a t it provides a 
m echanistic treatm ent o f  bi-directional N H 3 ex­
change coupled to both  soil and  p lan t processes. 
W hile the w ork reported  here has been applied in a 
grassland m odel, it should be noted th a t the 
principles of bi-directional am m onia exchange 
applied here are equally applicable to other 
systems, such as forest and arable crops.
In previous versions o f  PaSim , p lan t N  was 
divided between substrate and  structural N . Such a 
division is also m ade by the H urley Pasture M odel 
(Thornley, 1998), bu t not by other grassland 
models. This had  the advantage for modelling 
N H 3 exchange th a t substrate N  is expected to  be 
m ore closely coupled to  apoplastic N H j1" than 
to ta l p lan t N. In an initial analysis, the tem poral
changes in substrate N  were also found to  relate at 
least qualitatively to  field m easurem ents o f ap o ­
plastic N H /  and N H 3 fluxes (Sutton et al., 2001). 
F o r this study, a new PaSim  version was devel­
oped, in which substrate N  is partitioned  explicitly 
into apoplastic and sym plastic fractions, and it has 
been hypothesised th a t the value o f / s used in the 
resistance models is linked to  the apoplastic 
substrate N . In o rder to  sim ulate the sou rce-sink  
strength o f the soil surface, the single layer 
approach for soil am m oniacal N  in previous 
PaSim versions (Riedo et al., 1998) has been 
expanded in order to  deal w ith N H 4- concentra­
tions in different soil layers and the soil surface. 
This is crucial to  m odelling N H 3 release from  the 
soil surface, as has been dem onstrated  for volati­
lisation o f liquid m anure by G enerm ont et al. 
(1998).
Xa
Fig. 1. Tw o-layer resistance m odel (N em itz ct al.. 2001) used to 
describe N H 3  exchange in the grassland ecosystem  m odel 
PaSim . T he net canopy  N H 3  exchange, F Ni,0 i,nh  > is determ ined 
by N H 3 transfer th rough  the stom ata , F N s NH , deposition  to 
leaf cuticles, F NiWn H , and  exchange w ith the soil surface, 
Fn.soti.nh ■ T he resistances con tro lling  the fluxes are the leaf 
s tom ata  resistance R s, the cu ticu lar resistance R w, the aero ­
dynam ic resistance the leaf b o u n d ary  resistance R],, and the 
in-canopy aerodynam ic resistance R dc.
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The present paper reports the developm ent of 
the coupled N H 3 exchange-grassland ecosystem 
model. The model is param eterised using a range 
o f literature inform ation and by reference to 
m icrom eteorological flux m easurem ents carried 
out in 1998 applying the aerodynam ic gradient 
m ethod at an intensively m anaged grassland field 
site in Southern Scotland (Sutton ct al., 2001; 
M ilford et al., 2001). The model is then assessed in 
relation to flux m easurem ents for 1999 at the same 
field site. A sensitivity analysis is also presented for 
the new model param eters determ ining N H 3 
exchange.
W ith such a com bined model the effects o f e.g. 
fertilisation, plant decom position, and leaf N  on 
the N H 3 exchange can directly be sim ulated. In 
view o f the constraints on field m easurem ents both 
in the num ber o f sites, and in the duration  of 
m easurem ents, such a com bined grassland ecosys­
tem model is thus a valuable tool to investigate the 
influence o f different m anagem ent scenarios or of 
climate change on N H 3 exchange.
2. M aterial and methods
2.1. M odel description
2.1.1. M odel overview
PaSim is a dynam ic grassland ecosystem model. 
It simulates above- and below -ground dry m atter 
production o f cut, fertilised or grazed grassland 
ecosystems relative to fluxes o f C, N , water, and 
energy. This paper describes and uses the new 
version 3.5 o f PaSim. D escriptions o f previous 
PaSim versions can be found elsewhere (Riedo et 
al., 1998. 1999, 2000: Schmid et al., 2000a,b; 
Schmid, 2001).
The main changes in this new PaSim version are 
the incorporation  o f a N H 3 exchange resistance 
model, the partitioning o f p lant substrate N  into 
apoplastic and symplastic substrate N , and the 
partitioning o f soil N H Y and N 0 3-  am ong a soil 
surface layer (only for NH.V) and several soil 
layers. O ther m inor changes are described in the 
Appendix A.
2.1.2. NH 3 exchange
F or a N H 3 resistance m odel to be included into 
PaSim  the resistance m odel had to  fulfil two 
criteria: it had to represent all the different sources 
and sinks relevant for a grassland ecosystem, and 
it had to fit into the fram e o f PaSim, i.e. its level o f 
detail should be in accordance with the level o f 
detail o f PaSim. It was considered th a t models 
describing the tem poral dynam ics o f cuticle ad- 
so rp tio n -d eso rp tio n  (Sutton et al., 1998a; Fle- 
chard et al., 1999) were over-complex for the 
present purpose, especially since they require 
time steps dow n to a few seconds (in con trast to 
a PaSim  time step o f  about ha lf an hour). The 
‘canopy com pensation p o in t’ approach developed 
by Sutton and Fow ler (1993) was therefore ap ­
plied, whereby bi-directional stom atal fluxes are 
offset against deposition to leaf cuticles, with the 
la tter constrained by a cuticular resistance (Rw). 
N em itz et al. (2001) have recently m odified this 
from  a one-layer to a tw o-layer approach, which is 
thus able to  deal w ith litter/soil emissions. 
A lthough a m ore detailed three-layer m odel was 
also available (Nem itz et al., 2000), the two-layer 
resistance model (2LRM ) was found to  be the 
optim um  com prom ise between simplicity and 
accuracy (Nem itz et al., 2001), and it has a level 
o f  detail th a t is com parable to  the various 
com ponents o f PaSim.
The 2LR M  is fully described by N em itz et al. 
(2001). Here, only a short overview is given, and 
some differences in the im plem entation are m en­
tioned. The resistance scheme for the 2LR M  is 
shown in Fig. 1. The m odel includes bi-directional 
foliar stom atal exchange, F NiSiNH:! (kg N  m - 2  per 
day), deposition to leaf cuticles, F NiWjNH (kg N  
m - 2  per day), and N H 3 exchange with a ground 
layer, F ' n .s o íi .n h ,  (kg N  m ~ 2 per day), with ground 
emissions originating from  fertiliser evaporation, 
soil, and decom posing p lan t parts. The emission 
potential o f  the foliage and ground surface are 
given by the N H 3 stom atal com pensation point, 
Xs, and the soil surface N H 3 concentration, / son, 
respectively. F rom  these concentrations together 
with transfer resistances o f the different exchange 
pathw ays, and with the N H 3 concentration at a 
reference height above the canopy, / a (pg N H 3 
m ” 3), the net canopy N H 3 exchange flux,
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^ N ,to t ,N H  (kg N  m - 2  per day), can be determ ined. 
H owever, as m entioned above, the determ ination 
o f the N H ^  concentration  o f the apoplast and the 
soil surface, from  which Xs and / son are derived, 
are com pletely em pirical in the 2L R M . Through 
the coupling o f the 2L R M  w ith PaSim  as described 
here, / s and / soii can be related to  the N  dynam ics 
o f  the p lants and  the soil surface, respectively.
In the 2L R M , it is no t considered w hat happens 
w ith the N H 3 deposited to  leaf cuticles. However, 
a grassland ecosystem m odel like PaSim  has a 
m uch longer time scale than  a 2LR M , and the 
dynam ics o f this N H 3 pool has thus to  be taken 
into account. In the new version o f PaSim, N H 3 
dry deposited on the leaf cuticle is washed to the 
soil surface pool through precipitation (Sutton et 
al„ 1993b).
In previous versions o f PaSim, transfer resis­
tances o f the different exchange pathw ays were 
already represented in order to  calculate évapo­
transp iration  (except for the cuticular resistance, 
R w) (Ricdo et ah, 1998). These resistances are now 
also used to calculate N H 3 b iosphere-a tm osphere  
exchange. A sensitivity analysis showed th a t the 
differences in the representations o f these resis­
tances in PaSim  and in the 2L R M  (Nem itz et ah, 
2001) could be ignored. In calculating the stom atal 
resistance for N H 3, the theoretical difference in 
diffusivity between N H 3 value and H 20  value has 
been applied according to  the ratio  o f their 
m olecular diffusivities (0.92). However, some la­
bo ra to ry  studies have suggested tha t N H 3 m ay in 
practice have a m uch sm aller stom ata  resistance 
than  H 20  (H usted, 1997; Schjoerring et ah, 1998). 
I t is possible th a t this effect is due to interaction 
w ith the leaf cuticle resistance (Wyers and Eris- 
m an, 1998; Sutton  et ah, 2001), but this interaction 
has no t been included in the present version o f the 
m odel. The cuticular resistance R w (s m _ ')  is given 
by:
J?  —  D  /^cu ticles (i)
w here the values for the param eters R w ,m m  and 
¿cuticles were chosen according to  M ilford et ah 
(2001), Sutton  et ah (2001), and R H  is relative 
hum idity  as %.
2.1.3. Apoplastic and symplastic substrate N  pools 
The N H 3 stom atal com pensation point, / s (Fig. 
1), is given by:
X =
^ . n h ;  , t  [N H 4+]apo 1 7Q x io ,0
TjT - t n  — p H1 0 -pH¿úi,NH3,r
=  K 'd NH* J  r x  1.70 x 10,10 (2)
where TG.NH + . r  (M ) and Tfh.NH , t  (dimensionless) 
are the dissociation constan t and  the H enry 
equilibrium  constant, respectively, which both  
depend on leaf tem perature 7) (Sutton et ah, 
1994), p H apo is the apoplastic pH , and T s is the 
N H 4+ to H + concentration  ratio  in the apoplast. 
The factor 1.70 x 1010 converts between the units 
o f  [N H 4+ ]apo and Xs- The apoplastic N H 4" con­
centration  [ N H /  ]apo is closely coupled to  the p lant 
N  dynamics. It reflects the balance between 
reactions th a t produce am m onia in p lan t tissues 
(nitrate reduction, photoresp iration , phenylpropa- 
noid pathw ay, degradation  o f transpo rt amides 
and proteolysis) and  the reactions (associated with 
G S -G O G A T , A D H -G D H , carbam oyl phos­
phate synthetase) th a t assim ilate it (Husted, 
1997). In previous versions o f  PaSim, to ta l plant 
N  was divided between structural N , R n ,s tru c t (kg 
N  m ~ 2), and p lan t substrate N , IkN.sub (kg N  
m - 2 ), i.e. the freely available p lan t N , which can 
be used for e.g. grow th o f  structural p lant m ate­
rial, or protein  synthesis. However, prelim inary 
exam inations revealed (data  no t shown) that 
neither the to ta l p lan t N  concentration per unit 
mass o f  to ta l p lan t dry m atter, N tot (kg N  k g - 1  
D M ), nor the substrate N  concentration  per 
structural p lan t dry m atter, N sub (kg N  k g “ 1 
structural D M ), show the detailed tem poral beha­
viour o f [N H 4+ ]apo observed in m easurem ents. The 
p lant substrate N  pool has thus been divided in 
PaSim  into apoplastic substrate N , PFN>apo (kg N  
m ” 2), and substrate N  in cell in ternal pools, 
com bined into the sym plastic substrate N , fV^.sym 
(kg N  m -2 ) (Fig. 2), and  it is assum ed that 
[N H /Japo is closely coupled to the apoplastic 
substrate N  pool (see Eq. (9) below).
The separation  o f the apoplast from  the sym- 
plast in PaSim, and the assum ed close coupling of
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Sto m a ta l N H j e x c h a n g e ,
F n .i .n h i
P a s s iv e  
N H 3 flu x , S tru ctu ra l
F N,symapo,NHl p lan t g ro w th ,
A p o p l a s t i c  N
<i---------------------->
S y m p l a s t i c  N
FN, growth 
----------------------- 1> S t r u c t u r a l  N
(WN.apo) (W N,lym) (  IkS,struct)
A c t iv e  N  flu x ,
N  r e c y c lin g ,
F n ,r e c
R o o t
up tak e ,
UN
B io lo g ic a l  
N  fix a t io n ,
F n.bnf
N  lo st th ro u gh  
p la n t death,
F y  death
Fig. 2. P lant N  in PaSim  is divided am ong structu ra l N  (k'NiStruct, apop lastic  su bstra te  N  tFNiapo, and  sym plastic su bstra te  N  BTi.sym- 
All inp u t/o u tp u t fluxes o f  the N  pools are show n except fo r the losses from  grazing and  cutting . T he governing equations for W Vapo 
and fFN sym are given in Eqs. (3) and (4), for lFN strUQt see (R iedo et a!., 1998).
the stom atal com pensation point to the apoplastic 
substrate N , is based on observations o f  the xylem 
transport o f NH.V and  the biochem ical pathw ays 
involving NH_V tha t result in several aqueous NH* 
pools in cell com partm ents (H usted, 1997). N H 4+ 
is taken up by the roots, and after the transloca­
tion from  roots to shoots in the xylem, it is moved 
from the stem sap to  the leaf apoplast and 
absorbed into the leaf cells (F innem ann and 
Schjoerring, 1999). This N H 4" pathw ay and the 
observation tha t there is a close connection 
between the leaf apoplast and the xylem com part­
ment (M attsson et al., 1998), have been repre­
sented in PaSim through the following equations 
for the dynam ics o f plant apoplastic and sym plas­
tic substrate N:
d  W
 N'aP° — T J  \ p  1 p  _  p
C /n  1 ■r N,BNF ' N,symapo,NH3 r N,s,NH3
IV
  N ' a P °  p  _  p
T j N,grazing,sub N,aposym
N,sub
d  ^ N .s y m  _  p  , p  _  p
^  N,rcc 1 z N,aposym x N,growth
_  ^N.sym F _  F
r tt N,grazing,sub N,symapo,NH3 V /
N,sub
These two pools represent no t only N  substrate 
in the leaves, but the to tal plant N  substrate. N  is 
taken up by the roots ( t /N (kg N  m ~ 2 per day) in 
(Eq. (3)), and transported  in various com pounds 
th rough the xylem to the p lan t apoplastic substrate 
N  pool W .̂-dpo- The flux t/N and  the two pools 
^N.apo and fFN sym not only include N H V, but also 
o ther N  com pounds, including NOs““ . However, 
the model described here does no t distinguish 
between effects o f ro o t N 0 3_ uptake as com pared 
with roo t N H 4" uptake. F rom  PFNiapo N H ^  is 
m oved through an active process across the 
plasm alem m a (FNiaposym (kg N m - 2  per day) in 
Eq. (3)) to  the symplastic substrate N  pool fFN>sym. 
An active N H 4+ tran sp o rt system from  the ap o ­
plast into the leaf cells has been suggested because 
the leaf apoplast has m uch lower N H 4+ concentra­
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tions than  the leaf tissue (F innem ann and Schjoer- 
ring, 1999). The rate o f the active N H /  flux across 
the plasm alem m a, FN,ap0sym, depends on apoplas- 
tic N H /  concentration  and tem perature (Nielsen 
and Schjoerring, 1998), and is thus calculated as:
■ ^ N .a p o sy m  ^ a p o s y m ,T ^ a p o  ^ s h  ( 5 )
where the rate param eter kapOSy m , r  depends on leaf 
tem perature 7j, N apo is the apoplastic  substrate N  
concentration  per structural p lant dry m atter, (kg 
N  k g - 1  structural D M ), and  Wsh is the shoot 
structu ral dry m atter (kg D M  m - 2 ). F o r k.dposymT 
the same tem perature response has been assum ed 
as for o ther p lant processes (Riedo et al., 2000).
In addition  to the active N H j1- flux from  the 
apoplast to  the sym plast, the two substrate N  
pools are also connected th rough passive N H 3 
diffusion across the plasm alem m a, F NiSymapo>NH 
(kg N  m ~ 2 per day) Eqs. (3) and  (4)). A  steep N H 3 
gradient between the neutral pH  conditions in the 
cytoplasm  and m ore acidic conditions in the 
apoplast favours N H 3 diffusion through the p las­
m alem m a from  the sym plast to the apoplast 
(H usted, 1997; Lee and Ayling, 1993). Because 
N H 3 has high m em brane perm eability, this diffu­
sion flux can be im portan t, as can be seen e.g. 
through the observation tha t inhibition o f gluta­
mine synthetase (GS) causes a rap id  increase in 
N H 3 emission (Sutton et al., 1995b; M attsson et 
al., 1998). F ick’s law can be applied to  calculate 
N H 3 diffusion through the plasm alem m a:
rr
N ,s y m a p o ,c c l l ,N H 3
=  ([N H 3]sym- [ N H 3]apo)F NH3i r x l .2 1  (6)
H ere, i rN ,sym apo,Ceii,N H 3 (kg N  m - 2  cell surface 
per day) is the N H 3 diffusion on a per cell surface 
basis, R nh^ .t (m s - 1 ) is N H 3 perm eability o f  the 
plasm alem m a (depending on leaf tem perature), 
[N H 3]sym and [N H 3]apo (M ) are the concentrations 
o f sym plastic and apoplastic N H 3, and  1.21 is a 
unit conversion factor. As for kaposym,r> the 
tem perature response o f .P N h  , t  has been assumed 
to  be the same as for o ther p lant processes (Riedo 
ct al., 2000). The N H 3 diffusion on a cell area basis 
is converted to a diffusion on a ground area basis, 
^ N , Sy m a p o ,N H 3 (kg N  m - 2  per day), through the 
equation
■̂ N.symapo.NHj ^N,symapo,ccll,NHj CA I X LA I (7)
where CA I is the cell area index (m2 cell surface 
per m 2 leaf surface), and LA I is the leaf area index. 
The sym plastic and  apoplastic N H 3 concentrations 
in Eq. (6) are related to  the sym plastic and 
apoplastic N H /  concentrations th rough  the dis­
sociation equilibria:
[N H 3]sym =  AraNH+ 7.10pH!>™[NH4+ ]sym
[NH3]apo = ^ a.NH;,rl0 pH-[N H 4+]apo (8 )
Symplastic and apoplastic N H /  concentrations 
are calculated from  m olar sym plastic and apoplas­
tic substrate N  concentrations, [N]sym and [N]apo 
(M), respectively:
[N H ^]sym =/NH + ,A's)m[N]sym
[N H 4+]apo= / NH4+i„ J N ] apo (9)
The m olar concentrations [N]sym and  [N]apo are 
calculated according to  the A ppendix A, and the 
dimensionless fraction / NH+,Nsym is assum ed to be 
constant. The fraction o f N H 4+ in N dpo, f NĤ Ndpo, 
is assum ed to have a constan t value o f / n h h n mjn 
for periods o f background levels o f A apo (Aapo 
below fVapoi), bu t to increase linearly up to a 
m axim um  o f / NH+ n  for values o f N „„0
4  ’  a p o .m a x  r
between IVapoi and  A apo2. This dependency of 
/ n h +  n  on N aoo was chosen because it has been
4  ’  a n o  K
shown for the xylem (which is closely linked to the 
apoplast), tha t the N H ^  fraction o f  the to tal 
am ount o f inorganic and organic N  translocated  in 
the xylem sap strongly depends on the am ount of 
N  supply (F innem ann and Schjoerring, 1999).
The rem aining N  fluxes in Eqs. (3) and (4) are 
biological N  fixation, F n .b n f  (kg N  m - 2  per day), 
bi-directional N H 3 stom atal exchange, FN>SiNH 
(kg N  m ~ 2 per day) (Fig. 1), substrate N  loss from  
both  apoplast and  sym plast through grazing, 
grazing,sub (kg N  m ~ 2 per day), N  recycling 
from  dead p lan t m aterial, F N rec (kg N  m ~ 2 per 
day), and N  used for grow th o f structural plant 
m aterial FN:growth (kg N  m ~ 2 per day).
2.1.4. Soil mineral N  and soil NH 3 emission 
N H 3 emission from  the soil surface layer, 
^ N ,s o i i ,N H 3 (kg N  m - 2  per day), originating from
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fertiliser evaporation, soil, and decom posing plant 
parts, depends on the soil surface N H 3 concentra­
tion, / SOii (Fig. 1), at equilibrium  w ith the N H 4+ 
concentration in the soil surface solution, 
[NH4+ ]aq,surface (pig N  m - 3 ) (see Eq. (11) below). 
The value o f [N H 4+ ]aq>surface is a fraction o f the 
to tal am m oniacal N  o f the soil surface, /Vamm,surface 
(kg N m - 2 ). This am m oniacal N  o f the soil surface 
is a new pool in PaSim  (Fig. 3), and several 
assum ptions have been m ade concerning this 
pool: ( 1 ) . / V a m m , s u r f a c e  is partitioned am ong gaseous
and aqueous N H 3 and aqueous N H /  according to 
the Henry and dissociation equilibria (Sutton et 
al., 1994), (2) A^am m ,surface is uniform ly distributed 
in a layer on the soil surface w ith a constan t 
thickness o f ¿/surface, (3) the actual and  saturated  
volum etric w ater content o f  this layer are assum ed 
to be the same as for the soil layer 1 (#s( l)  and 
^s.satO)), an d (4) its tem perature is given by the soil 
surface tem perature, Tss. W ith these assum ptions 
the following equation  can be derived for
[N H 4 ]aq,s u r f a c e -




S oil layer 1
F N.min
S oil layer 2
S oil layers 3 to 5
Xsoih [N H 3]aq, [N H 4+]Jaq
F N,diff,amm ? F N,conv,amm
[N H 3]g, [N H 3]aq, [NH4+]aq, [ N H /L
F N, diff, amm j  F N  corrv, a




F /y  immob, a
^  FTN, amm 




Fig. 3. Soil am m oniacal N  in PaSim  is divided am ong soil surface N H V, and  N H V in the different soil layers. Soil surface N H V is 
partitioned  betw een aqueous N P fo , and  gaseous and  aqueous N H ,. Soil am m oniacal N  is p artitioned  betw een aqueous and 
exchangeable solid N H fo  and gaseous and  aqueous N H ,. All inp u t/o u tp u t fluxes o f  the soil N  pools are show n. The governing 
equations for the soil NH_V pools are given in Eqs. (12) and  (13). F o r m eaning o f sym bols see text and  N om enclatu re.
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[ N H 4  ]aq,surface
N,amm,surface 10 9M surface
a,NH.+ ,t / K h ,NH3, r + es(i)Ka,NH,+ , T
(10)
where p H soi] is the soil pH , and 10 converts 
between pg and  kg. The N H 3 soil surface concen­
tra tion  can then be calculated from:
/s o il
^ a ,N H 4' .7  [ N H 4 ]aq, surface 1 ^
K,■h,NHj,r 1 0 - P H » ii 1 4
( 11)
The dynam ics o f the am m oniacal N  o f the soil 











where F Niatm_amm (kg N  m 2 per day) is a tm o­
spheric N H V- N  deposition o ther than  gaseous 
N H 3, T ’N.fert.amm (kg N  m “  2 per day) is N H 4+ from 
m ineral fertilisation, T n ,m anure,n h + (kg N  m - 2  per 
day) is N H V- N  from  m anure application, TNiUrine 
(kg N  m " 2 per day) is N H  v - N  from  hydrolysis o f 
urine excreted by grazing anim als, F n ,cuticle,soil (kg 
N  m - 2  per day) is N H X- N  from  the leaf cuticle 
w ashed to  the soil surface th rough precipitation, 
and  F NiSoii,NHi (kg N  m - 2  per day) is soil surface 
exchange o f  gaseous N H 3. The am m oniacal N  of 
the soil surface is coupled w ith the am m oniacal N 
in soil layer 1 th rough convection, .FNjConViamrn(0) 
(kg N m - 2  per day), and diffusion, T ’N ,diff,am m (0) 
(kg N  m - 2  per day) (see A ppendix A).
In  con trast to  previous versions o f PaSim, soil 
am m oniacal N  is now  divided am ong different soil 
layers (Fig. 3), and  for each layer the dynam ics is 
given by:
d^a nJb) F= t ,
d t N,min
(h) + F}N,conv,amm (/!- 1)
^N,difr,am m (^ 1) ^N ,am m (^0
^ N .n i tr if ( ^ )  ■^N,immob,amm(^) 
^N ,conv ,am m (^) -^N ,diff,am m (^) (13)
The vertical N H X convection and diffusion 
fluxes in Eq. (13), F NiConv,amm(A) and F N>dif. 
f.amm(h), depend on the partition ing  o f N.dmm(h) 
am ong the different phases in the soil (see A ppen­
dix A). The rem aining fluxes are N  m ineralisation, 
-fiM.minW (kg N  m - 2  per day), roo t N H /  uptake, 
t/N,ammW (kg N  m ~ 2 per day), nitrification, 
^N,nitrif(/i) (kg N  m - 2  per day), and N H /  
im m obilisation, Fu -tmmob^mm(h) (kg N  m ~ 2 per 
day). Because o f the close coupling between soil 
am m oniacal N  and  soil n itra te  ( N 0 3- ) through 
nitrification, different soil layer pools have also 
been introduced for N 0 3_ (see Appendix A). In 
contrast to the am m oniacal N  pool o f the soil 
surface, in the soil layers the exchangeable soil 
solid phase is also represented in addition to the 
gaseous and aqueous phases (see Appendix A).
In the 2LR M  for N H 3 exchange included into 
PaSim, soil N H 3 emission from  the soil surface 
depends on £soil, which is in equilibria with soil 
surface N H / ,  and thus also closely coupled to  soil 
N H / . The different sources o f N H 3 emission from  
the soil surface, i.e. fertiliser evaporation , soil 
N H / ,  decom posing p lan t parts, and anim al 
excreta, contribute to  soil N H 3 emission indirectly 
th rough their influence on soil and  soil surface 
N H /  (Eqs. (12) and (13)). This representation of 
soil N H 3 emission in the new PaSim  version 
described here replaces the previous empirical 
relationships in previous PaSim  versions for N H 3 
loss from  different sources (volatilisation from 
m ineral N  fertilisation, anim al excreta, and soil 
N H / ) .
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2.1.5. Numerical techniques
Owing to the changes in this new PaSim version, 
including vertical soil N H V convection and diffu­
sion fluxes, the model now includes processes 
which differ in their time constants by orders of 
m agnitude. This problem  has been solved by 
dividing the m odel into different parts, which run 
each with an appropriate  in tegration time step. 
Tests have been carried out to optim ise these time 
steps for accuracy and efficiency.
2.2. M odel parameterisation
W here possible, the values for the new model 
param eters in PaSim  (plant and soil param eters in 
Table 1) were directly or indirectly derived from 
the literature. However, this was no t always 
possible, and in these cases best estim ates were 
used, o r the param eter values were chosen in order 
to  fit model sim ulations to  m easurem ents in 1998
T able 1
N ew  p lan t, soil and inpu t param eters in PaSim
at a grassland field site in Southern Scotland (see 
Section 2.3 for the site description).
The m axim al fraction o f  N H /  in N apo, 
/NH;,/vapo,max. was estim ated to  be 10%, because 
m easurem ents for the xylem, which is strongly 
coupled to  the apoplast, have shown tha t N H 4+  
constituted up to  1 1 % of the to tal am ount of 
inorganic and organic N  translocated in the xylem 
sap (F innem ann and  Schjoerring, 1999). In con­
t r a s t , / NH+A,apomin was set in such a way th a t the 
sim ulated ground level N H 3  b iosphere-a tm o- 
sphere exchange (i.e. the exchange in absence o f 
m anagem ent influences) was close to the exchange 
m easured in 1998 at the Southern Scotland field 
site (M ilford et al., 2001). D ue to  lack o f data, the 
constant fraction o f  N H 4 " in 7Vsym, / NH+ N , was 
set to  the m axim al value o f N H ^  in N apo.
The fraction o f N H 4+ in Atapo, / NH+,ivapo, 
increases for values o f N apo between A^poi and 
Napo2- Napoi was chosen in such a way th a t for
Plant param eters
^cuticles P aram eter for 7?w 7 S u tton  et al., 2001
/ n h  + ./v M axim al frac tion  o f  N FLf in /Vapo 0 . 1  m ol mol - 1 F innem ann  an d  Schjoerring, 1999
4 apo.max
7 N H  * ,iV M inim al frac tion  o f  N H ,f  in N apo 0.05 m ol m ol - 1 C alib ra tion  fo r Sou thern  Scotland2 .ipo.nun
jN l-U .N s y m F raction  o f  N H 4+ in N sym 0 . 1  m ol m o l - 1 E stim ation
/H O a p o F raction  o f  leaf w ater in apoplast 0.15 H ustcd  and Schjoerring, 1995; Nielsen
and  Schjoerring, 1998
F iposym .20 R ate  p aram eter a t 20 °C fo r F „aposym 1 0  per day Schjoerring et al.. 1998
^ ¡ lp o l P aram eter f o r / n h - . w 0.0002 kg N  (kg D M ) - 1 C alib ra tion  fo r Sou thern  Scotland
l^apol P aram eter fo r / a w -k v ” 0.0005 kg N  (kg D M ) - 1 C alib ra tion  for S outhern  Scotland
P NH^.20 N H 3 perm eability  o f  the plasm alem m a at 4.0 x  10 - 9  m  s - 1 C alib ra tion  fo r Sou thern  Scotland
20 °C
f fv .m in P aram eter for R n. 30 s m - 1 S u tton  et al.. 2001
CA I Cell area  index 50 m 2  cell surface (m 2 leaf E stim ation  based on leaf thickness o f  8
surface) - 1 cells
IC p U n tfrcsh ld ry S hoot dry to fresh weight ratio 0.3 kg D M  (kg F M ) - 1 F innem ann  and Schjoerring, 1998
Soil param eters
“ surface Thickness o f  soil surface am m oniacal N  layer 1 mm E stim ation
Input param eters
f 'N H  adsFO P aram eter fo r Freundlich  equation  for N H 4+ 1.076 Singh and  N ye. 1984
p artition ing  in soil layer It
¡’ N H ' adsF ’ ) P aram eter for F reundlich  equation  fo r N H 4+ 0 . 6 6 Singh and  Nye, 1984
partition ing  in soil layer h
P H apo A poplastic  pH 6 . 2 L oubet et al., 2002
P H sym Sym plastic pH 7.0 H usted . 1997
pHsoi, Soil pH 5.6 M ilford et a l„  2001
P aram eter values used for sim ulations for Sou thern  Scotland field site in 1998 and  1999.
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background  conditions, i.e. periods w ithout m an­
agem ent interventions, the sim ulated values o f 
N apo for the Southern Scotland field site in 1998 
were below N.dpoi. The param eter N apo2 was set to 
a value th a t the sim ulated values o f /Vapo for the 
Southern  Scotland field site in 1998 reached within 
one or tw o days after a fertilisation event.
Once the param eters for the calculation of 
[N H 4+ ]apo and [N H 4"]sym from  Eq. (9) were set, 
&aPosym,20 (see Eq. (5)) was determ ined in such a 
way tha t the ratio  between the apoplastic and 
sym plastic N H j1" concentrations, [N H 4~]apo and 
[N H 4+ ]sym, was a round  1/10 for background con­
ditions, i.e. periods w ithout m anagem ent influ­
ences. This ra tio  1/10 reflects m easured ratios 
between apoplastic and  bulk leaf N H ^  concentra­
tions (Schjocrring et al., 1998). The assum ption 
m ade here is th a t the symplastic N H /  concentra­
tion has approxim ately the same value as the 
m easured leaf bulk N H /  concentration. It should 
be noted tha t in the m odel the vacuole is implicitly 
included into the sym plast N  pool.
The above m entioned param eterisation o f kapo_ 
sym ,20 was onfy possible with the arbitrary assump­
tion that the passive N H 3 diffusion through the 
plasmalemma, ^N.symapo.NH,, is an  order o f m agni­
tude sm aller than  the active N  tran sp o rt through 
the plasm alem m a, F Niaposym. The same assum ption 
was used to  determ ine a value for the N H 3 
perm eability o f  the plasm alem m a, P NH , r  (see 
Eq. (6)). The value for CA I (see Eq. (7)) was 
estim ated from  an average num ber o f  cells per leaf 
area, and  from  an average cell surface area.
T he value for the fraction  o f leaf w ater tha t is in 
the apoplast, /(qoapo, was estim ated from  data  
reported  by Husfed and  Schjoerring (1995), Niel­
sen and  Schjoerring (1998). The shoot dry to fresh 
weight ratio , )TplantfreSh2dry (kg D M  k g - 1  FM ), 
was estim ated from  da ta  given by F innem ann and 
Schjoerring (1998).
The thickness o f the soil surface N H 4+ layer, 
¿/surface, was determ ined from  a set o f sim ulations 
w ith different values o f  dsur f a C e  at the Southern 
Scotland field site for 1998 as the best com prom ise 
between accuracy and  requirem ents to the model 
time step associated w ith the soil surface N H 4+ 
pool.
2.3. M odel application fo r  a grassland site in 
Southern Scotland
The new PaSim  version described here is applied 
to  an intensive grassland field site in Southern 
Scotland (Long 3°2' W, L at 55° 52' N, elevation 
190 m a.s.l.). The field site was com posed o f  at 
least 90% Lolium perenne, received abou t 270 kg 
N H 4+ N 0 3“- - N  ha - 1 per year, was cut twice a year 
for silage, and was used for cattle and sheep 
grazing from  A ugust onw ards (see Figs. 7 and 9 
for details). The m odel perform ance could be 
com pared with m icrom eteorological m easure­
m ents o f  N H 3 fluxes and  other ecosystem variables 
th a t were carried ou t during the growing seasons 
o f 1998 and  1999. D etailed descriptions o f the site 
and the field m easurem ents are given by M ilford et 
al. (2001).
The model input param eters, including hourly 
w eather da ta  for the two years, were available or 
could be derived from  the field m easurem ents. F o r 
the model input param eters th a t are new to the 
PaSim version described here, the values are given 
in Table 1. A tm ospheric N H V deposition other 
than  gaseous N H 3 was assum ed to be 5.3 kg N  
h a - 1  per year, and atm ospheric N 0 3_ deposition 
was set to  5.5 kg N  h a -  per year (Sutton et al., 
1993b). As in PaSim  only grazing by lactating 
cows, but no t by sheep is represented, the sheep 
stocking density was converted into a cattle stock­
ing density using a livestock unit o f 0.08 for sheep. 
In order to  receive representative initial conditions 
o f  the model state variables for this site, a steady 
state sim ulation had  to  be carried out. This steady 
state sim ulation required w eather da ta  over suffi­
cient years tha t represent the climate at this site. 
However, only daily long-term  m eteorological 
data  were available (L and Surface O bservation 
Stations D ata  for the Bush H ouse station  from  the 
U K  M etOffice), and  PaSim , which required hourly 
w eather da ta  in previous versions, had  thus to be 
expanded to cope with daily w eather input data. 
This was done according to  Thornley (1998). A 
sensitivity analysis tha t was done for a Swiss site, 
for which bo th  hourly and daily long term  w eather 
da ta  were available, showed th a t the results o f a 
steady state sim ulation are not sensitive to  the use 
o f daily or hourly w eather input data.
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2.4. Sensitivity analysis
A sensitivity analysis was carried out for the 
Southern Scotland site to investigate the sensitivity 
o f the N H 3 fluxes cum ulated over the vegetation 
period o f 1998 to the new model and input 
param eters o f PaSim (param eters in Table 1). 
F or each o f these param eters, two model sim ula­
tions were carried out, one with a 25% decrease, 
and one with a 25% increase in the param eter 
value.
3. Results
3.1. M odel application fo r  grassland site in 
Southern Scotland
3.1.1. Seasonal dynamics o f  plant N  compartments 
and fluxes
The com parison o f the sim ulated time courses of 
plant N  variables over the vegetation period of 
1998 shows tha t the relative tem poral variability is 
greater for N.dpo than  for Nsub, and greater for Nsub 
than  for /Vtot (Fig. 4a and b). N sub and  Ndpo show 
fast responses to  fertilisation and, to a lesser 
am ount, to cutting. In contrast, the response of 
/Vtot is slower and smaller for both  fertilisation and 
cutting events. While Ntol and N sub peak at about 
the same values after bo th  cutting/fertilisation 
events, Aapo shows a larger peak in June than  in 
August. As is expected from  Eq. (9), F s follows the 
time course o f N.dpo, but shows a larger increase 
due to  the increased fraction of N H 4+ in JVapo 
during periods o f increased substrate N  levels (Fig. 
4b). Similar m odel results have been obtained for 
the vegetation period o f 1999 (data not shown).
In the absence o f biological N  fixation and 
w ithout grazing, the dynam ics o f apoplastic sub­
strate N  are determ ined by the fluxes t/N, Fbj>sy. 
m a po .N H y Fbi.aposym & n d  -^N,s ,NH3 ( E q .  ( 3 ) ) .  
However, both  FNiSymapoj\jH3 and are
very small com pared with t/N and FN.aposym. as 
Fig. 5 shows for the cutting/fertilisation events of 
both June and A ugust 1998. D uring some days 
after cutting, the balance between C/N and .FN>apo. 
sym shifted towards f/N, leading to a small increase 
in N.dpo both  in June and A ugust (Figs. 4 and 5).
This shift was m uch m ore pronounced during 
some days after fertilisation, and m ore so for the 
June than  for the A ugust fertilisation, leading to 
large increases in N dpo.
3.1.2. Component fluxes o f  N H 3 exchange in 1998
C utting in June 1998 led to a small increase in
sim ulated F’NjSiNh 3 (Fig. 6a) and the sim ulated net 
N H 3 exchange above the canopy, (Fig.
6b). However, the sim ulated increase in FNitotiNH:t 
was m uch smaller than  the increase in .FNitotiNH 
after cutting recorded in the m icrom eteoroiogical 
m easurem ents (M ilford et al., 2001) (Fig. 6b). 
A fter the fertilisation in June 1998, a much larger 
increase in the sim ulated net canopy N H 3 ex­
change occurred than  after cutting, which is 
consistent w ith the m easured values (Fig. 6b). By 
contrast, the peak N H 3 emissions were larger in 
the m easurem ents than  in the sim ulations. D uring 
the first two days after fertilisation, this increase 
was mainly caused by an increase in sim ulated soil 
N H 3 emission, but after the third day the stom ata 
flux was the only com ponent contribu ting  to the 
sim ulated canopy N H 3 emission (Fig. 6a). D uring 
this period, only a small p art o f the sim ulated N H 3 
emission from  stom ata was deposited on the leaf 
cuticle and the soil surface, while the m ain part 
was em itted to the air above the canopy (Fig. 6a). 
The same qualitative sim ulation results were found 
for the second cutting and fertilisation events in 
1998 (data no t shown).
3.1.3. Seasonal net N H 3 exchange above canopy in 
1998
The daily averaged values o f the sim ulated and 
m easured net canopy N H 3 exchange are show n for 
the vegetation period 1998 in Fig. 7. A lthough 
only a restricted am ount o f  m easured da ta  is 
available for the period after the second cut/ 
fertilisation event in 1998, the m easured emissions 
nevertheless seem to be m uch smaller than  after 
the June cutting/fertilisation. In contrast, a smaller 
difference between the first and  second period was 
obtained in the sim ulations. The cum ulative sim u­
lated N H 3 emission related to fertilisation was 0.97 
kg N  h a “ 1 in June, and  0.74 kg N  h a “ 1 in A ugust 
1998. F rom  the sim ulated seasonal dynam ics o f f s 
(Fig. 4b), and the larger N  fertilisation am ount in
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Fig. 4. S im ulated  seasonal dynam ics o f  p lan t N  variables and r s fo r the grow ing season o f  1998 a t the S ou thern  S cotland field site, (a) 
P lan t to tal N  concen tration  N wl, p lan t su bstra te  N  concen tra tion  V SUb. (b) A poplastic  sub stra te  N  concen tra tion  N apo, apoplastic  
N H f  to H  + concen tra tion  ratio  rs. T he N  concen tra tions are given as dry  weight. V ertical lines indicate cu tting  (dashed lines) and 
N H 4+ N O f  fertilisation (solid lines). F o r fertiliser am oun ts see Fig. 7.
June than  in A ugust, it would have been expected 
th a t the difference in the sim ulated net canopy 
N H 3 exchange between June and A ugust would 
have been in better agreem ent w ith the m easure­
m ents. However, the reason why this is not the 
case is th a t the leaf tem perature was significantly 
lower during the days after the June fertilisation 
than  after the A ugust fertilisation (Fig. 8). As the 
stom atal com pensation po in t / s depends on both 
r s and  leaf tem perature (Eq. (2)), the difference 
between June and  A ugust was sm aller for / s than 
for r s (Fig. 8). A lthough grazing started  in A ugust 
1998, only small N H 3 emissions were visible in the 
sim ulations (Fig. 7). In contrast, the m easurem ents
showed some emission peaks, which could be 
related to  grazing.
3.1.4. Seasonal net N H 3 exchange above canopy in 
1999
As an independent test, the model was com ­
pared with fluxes m easured during 1999 (Fig. 9). 
F o r the first cut/fertilisation event, the sim ulations 
show a close agreem ent w ith the m easurem ents 
concerning the tem poral variability (the m easured 
and modelled peak N H 3 emissions last until the 
18-19 June), bu t as in 1998 no t concerning the 
m agnitude o f the emission peaks. The sim ulated 
cum ulative net canopy N H 3 emission was much
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Fig. 5. N  fluxes influencing apop lastic  su bstra te  N  (see Eq. (3)) as sim ulated  for the first (a and c) and  second (b and  d) cutting / 
fertilisation events in 1998 a t the Sou thern  Scotland field site, (a and b) Active substra te  N  flux from  apop last to  sym plast iN.aposym. 
to tal ro o t N FLf up take  (c and d) N H 3  diffusion betw een apoplast and  sym plast FN ,sym apo,N H  • N H 3 flux th rough  stom ata
F n , s, n h  • Vertical lines indicate cu tting  (dashed lines) and N H ^ N O f  fertilisation  (solid lines). F o r  fertiliser am oun ts see Fig. 7.
higher in June (0.89 kg N  h a - 1 ) than  in A ugust 
(0.24 kg N  h a -1 ). F o r the second cutting/fertilisa­
tion event, no com parison between sim ulations 
and m easurem ents is possible for the A ugust 
period due to lack of m easurem ents. As in 1998, 
grazing took place after the second cut in 1999. 
While again only a small effect on N H 3 exchange 
was visible in the sim ulations, m uch larger emis­
sions were m easured in 1999 than  in 1998.
3.1.5. Soil N H X and N O f  concentrations
Several discrepancies occurred between sim u­
lated and m easured values o f soil N H V and N 0 3~
(data not shown). The m easured soil N H * con­
centrations showed large increases im m ediately 
after bo th  cutting events o f 1998 (M ilford et al.,
2001), but the sim ulated concentrations increased 
only after fertilisation (data  no t shown). Later on, 
the high levels o f soil NH.V after fertilisation 
decreased m uch slower in the m easurem ents than 
in the sim ulations after the June fertilisation, but 
at a com parable rate after the A ugust fertilisation. 
Concerning N 0 3- , significant increases in concen­
trations after the N H 4+ N 0 3-  fertilisation events in 
1998 only occurred in the sim ulations, bu t no t in 
the m easurem ents.
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Fig. 6 . S im ulated  and  m easured  N H 3 fluxes in June  1998 a t the Southern  S cotland field site, (a) S im ulated N H 3 com ponent fluxes: 
N H 3  flux th rough  s to m a ta  F n . s . n h  - cu ticu lar N H 3  u p tak e  F N wNH , and  soil surface N H 3 exchange F n . s o h . n h  ■ (b) C om parison  o f  
sim ulated  and  m easured  (M ilfo rd  e t ah, 2001) net canopy  N H 3  exchange FN.tot.NH • T he m easurem ents show n are averages over 15 min 
periods. V ertical lines indicate cu tting  (dashed lines) and N H / N O p  fertilisation (solid lines). F o r  fertiliser am o u n t see Fig. 7.
3.2. Sensitivity analysis
The results o f the sensitivity analysis are shown 
in Table 2. The param eters are listed according to 
the sensitivity of the sim ulated net canopy N H 3 
exchange cum ulated over the vegetation period of 
1998 to  param eter changes o f +25% . In  general, 
the net canopy N H 3 exchange is m ore sensitive to 
the param eters tha t have an im portan t direct 
influence on N apo, than  on param eters tha t influ­
ence the soil surface N H 3 exchange or the cuticular 
N H 3 uptake.
4. Discussion
In  current resistance m odels (Sutton et al., 
1995b; N em itz et al., 2001) the influence o f  factors 
such as m anagem ent, supply o f N  to  the roots and 
plant N  level on N H 3 exchange is not represented,
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Fig. 7. S im ulated and m easured (M ilford et al., 2001) seasonal dynam ics o f  net canopy  N H 3  exchange Fn.ioi.nh for the grow ing 
season o f 1998 at the Southern  Scotland field site. T he m easured  values show n are daily averages o f  the available 15-min average 
values. T he sim ulated values show n are the daily averages for the sam e 15-min periods for w hich m easurem ents w ere available. Vertical 
lines indicate cutting  (dashed lines), N H f  N O 3-  fertilisation (solid lines), and  sta rt o f  grazing (bold solid lines). A m oun ts and dates o f  
fertilisation: 104 kg N  ha “ 1 on the 28th o f  M arch , 104 kg N  h a  ~~ 1 on the 9th o f  June , and  65 kg N  ha  “ 1 on the 5th o f  A ugust. G razing  
con tinued  until a fter 1 N ovem ber 1998.
instead apoplastic and soil surface N H ^  concen­
trations have to be chosen empirically. In contrast, 
PaSim delivers a fram e in which these factors can 
be modelled, and allows investigation o f their 
influence on N H 3 exchange through the coupling 
of apoplastic and soil surface N H /  w ith the plant 
and soil N  dynamics.
4.1. Influence o f  cut on NH 3 exchange
W here m easurem ents were available for the 
periods between cutting and fertilisation, these 
showed for both  1998 and 1999 significant N H 3 
emissions (Figs. 7 and  9). The model can repro ­
duce these N H 3 emissions after cutting, although 
they were generally lower than  in the m easure­
ments (Figs. 7 and 9). In the sim ulations, these 
increases were caused by an increase in the 
stom ata emissions (Fig. 6a), due to  increased 
values of (Vapo and thus [ N H /] apo. This sim ulated
contribu tion  of increases in stom atal N H 3 emis­
sions to net canopy N H 3 emissions after cutting is 
confirm ed by m easurem ents o f [N H 4+ ]apo after 
cutting under controlled conditions for L. perenne 
and B. erectus (M attsson and Schjoerring, 1999; 
Sutton et al., 2001). These show an increase in 
apoplastic N H ^  concentrations after cutting. 
However, this increase did no t occur until 5 days 
after cutting, while the m easurem ents for the 
Southern Scotland site showed an im m ediate 
increase o f  net canopy N H 3 exchange on the day 
o f cutting for June 1998 (Fig. 6b). It could thus be 
that the underestim ation o f the emission peaks 
after cutting in the sim ulations is not caused by an 
underestim ation o f stom ata N H 3 emission, but 
because o ther significant sources o f N H 3 emission 
after cutting are underestim ated or not represented 
at all in the model, including (i) N H 3 leaking from  
rem aining shoot m aterial dam aged through cu t­
ting; (ii) direct emission from  leaf litter on the soil










Fig. 8 . N H 3  concen tra tions and  leaf tem pera tu re  fo r the first (a) and second (b) cutting /fertilisation  events in 1998 at the Sou thern  
Sco tland  field site. Show n are the sim ulated  stom ata l N H 3 com pensation  po in t x s> the m easured  N H 3  co ncen tra tion  a t 2 m above the 
soil surface (a m odel inp u t param eter used fo r the sim ulations), the sim ulated soil surface N H 3 concen tra tion  xsoib a n d the sim ulated 
leaf tem pera tu re  T\. T he  tem pera tu re  values show n are daily  values. V ertical lines indicate cu tting  (dashed lines) and  N H 4+ N 0 3_ 
fertilisation  (solid lines). F o r  fertiliser am oun ts see Fig. 7.
surface (W hitehead and Lockyer, 1989); (iii) N H 3  
em ission from  yellow leaves a t the bo ttom  o f the 
canopy still attached to  the stem (Loubet et ah,
2002); (iv) increased soil N H 4 " concentrations 
after cutting. The sources (ii) and  (iii) seem not 
to  be related to cutting, bu t it could be tha t during 
periods o f high p lan t shoot m atter, the emissions 
from  soil surface leaf litter or yellow leaves a t the 
bo ttom  o f the canopy are reabsorbed through the 
stom ata  and  cuticles, and only after a cut could
N H 3 from  these sources escape to the atm osphere. 
A lthough p lan t decom position (including leaf 
litter) is m odelled in PaSim, this is done as part 
o f the soil biology subm odel, and N H /  released 
through decom position is a substrate for several 
com peting processes (e.g. nitrification, im m obili­
sation, adsorption). In contrast, N H V released 
from  leaf litter decom position on the soil surface 
could m ore easily be em itted as N H 3. Evidence for 
N H 3 emission from  yellow leaves comes from
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Fig. 9. S im ulated and m easured (M ilford et al.. 2001) seasonal dynam ics o f  net canopy  N H 3  exchange Fn.ioi.nh f ° r the grow ing 
season o f  1999 a t the S outhern  Scotland field site. The m easured  values show n are daily averages o f  the available 15-min average 
values. T he sim ulated  values show n are the daily averages fo r the sam e 15-min periods for w hich m easurem ents w ere available. Vertical 
lines indicate cutting  (dashed lines), N H 4+ NC>3~ fertilisation (solid lines), and  sta rt o f  grazing (bold solid lines). A m ounts and dates o f 
fertilisation: 117 kg N  ha  - 1 on the 4 th o f  A pril, 91 kg N  ha  - 1 on  the 11th o f  June , 39 kg N  ha  - 1 on the 18th o f  July, and  39 kg N  ha  - 1 
on the 2nd of A ugust. G razing  con tinued  until a fter 1 N ovem ber 1998.
m easurem ents tha t show higher [N H 4"]apo for 
yellow than  for green leaves (Loubet et al.,
2002). Several studies have shown a large decrease 
o f roo t NHa* uptake after cutting (e.g. Louahlia et 
al., 2000), and this could lead to a significant 
increase in soil N H J1" concentrations after cutting. 
W hile PaSim  does reproduce this roo t behaviour, 
it probably  underestim ates it significantly. A 
strong hint for this is that for the Southern 
Scotland site only the m easurem ents showed a 
significant increase in soil N H V after cutting 
(M ilford ct al., 2001), bu t no t the sim ulations 
(data not shown).
4.1.1. Influence o f  fertilisation on N H 3 exchange 
Fertilization led instantly to  large simulated 
canopy N H 3 emissions w ithin the same day for 
all fertilisation events in both 1998 and 1999 (Figs. 
7 and 9). These emission periods lasted for 
between 3 and 12 day after cut/fertilisation events,
and for both  years they were shorter after the 
second cut/fertilisation event than  after the first. 
F o r 1998, this period o f increased emission was 
longer in the m easurem ents than  in the sim ulations 
in June, but shorter in A ugust. A  good agreem ent 
was visible for June 1999, while for A ugust 1999, it 
is no t clear how long the influence o f fertilisation 
on the emissions lasted, because this effect was 
overlapped by emissions from  another source, 
probably  grazing. A lthough some discrepancies 
occurred between sim ulations and m easurem ents 
concerning the length o f the period after fertilisa­
tion with increased N H 3 emission, this com parison 
nevertheless indicates tha t A apo is an appropriate  
p lant N  com partm ent to be linked to  / s, in 
contrast to  N sub or N tot. This is further confirm ed 
by the fact tha t the model param eter by which the 
length of the sim ulated N H 3 emission period after 
fertilisation is m ainly determ ined, kaposym>2o (Eq. 
(5)), has been derived from  literature da ta  and not
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T able 2
Sensitivity analysis fo r new param eters in PaSim
^ N .to t .N H
3
^ N .s .N H ^ F n .w .N H
3 •^N .so il.N H 3
- 2 5 % + 2 5 % — 2 5 % +  2 5 % - 2 5 % + 2 5 % - 2 5 % + 2 5 %
^p la n tfrc s h 2 d ry - 5 0 . 7 6 5 .1 — 3 9 .0 5 0 .0 - 1 5 . 9 2 0 .4 - 3 1 . 8 4 0 .6
^aposym ,20 6 3 .9 - 3 6 . 4 4 8 .6 - 2 7 . 8 1 8 .2 - 1 0 . 7 4 0 .0 - 2 2 . 9
[ H + ] apo 5 1 .8 - 3 0 . 8 3 9 .8 - 2 3 . 7 1 6 .4 - 9 . 8 3 2 .5 - 1 9 . 3
Oapo 4 8 .9 - 2 9 . 6 3 7 .6 - 2 2 . 8 1 5 .6 - 9 . 4 3 0 .7 - 1 8 . 6
^ N H U /V - 1 9 . 7 1 9 .4 - 1 5 . 3 1 5 .0 - 6 . 2 6 .2 - 1 3 . 0 1 2 .84 apo.max
,m in - 1 7 . 8 1 7 .8 - 1 3 . 6 1 3 .5 - 5 . 6 5 .6 - 1 0 . 5 1 0 .44 apo
^cu tic les 9 .1 - 9 . 4 - 1 . 3 1 .3 - 3 0 . 8 3 1 .6 5 .9 - 6 . 0
1*1apo2 6 .5 - 5 . 1 4 .9 - 3 . 9 1 .5 - 1 . 5 4 .3 - 3 . 4
¿>NH • a d s W 7 .7 - 3 . 4 - 2 . 3 - 1 . 1 1 .9 - 1 . 2 - 4 3 . 7 6 .7
n 4 
* 'w .m in - 6 . 6 4 .4 0 .9 - 0 . 7 2 2 .2 - 1 4 . 9 - 4 . 2 2 .8
[ H  +  ] soi, 4 .3 - 6 . 4 - 1 . 9 - 0 . 9 0 .7 - 1 . 8 - 2 7 . 4 2 0 .1
A 'apo  1 3 .7 - 2 . 9 2 .8 - 2 . 2 1.1 - 0 . 8 2 .4 - 1 . 9
[ H + ]sym 3 .5 - 2 . 1 2 .7 - 1 . 6 1 .0 - 0 . 6 2 .2 - 1 . 3
l '\  11 * .Nsym - 2 . 6 2 .5 - 1 . 9 1 .9 - 0 . 7 0 .7 - 1 . 6 1 .6
PN H  ,20 - 2 . 4 2 .4 - 1 . 8 1 .8 - 0 . 7 0 .6 - 1 . 5 1 .5
c a t ’ - 2 . 4 2 .4 - 1 . 8 1 .8 - 0 . 7 0 .6 - 1 . 5 1 .5
“ N H 4-a d s ( /0 - 1 . 1 - 2 . 1 - 1 . 4 - 1 . 3 - 0 . 5 - 0 . 8 - 3 . 9 0 .9
t^surfacc 0 .4 - 0 . 3 0 .0 0 .0 0 .1 - 0 . 1 - 1 . 4 1.3
The m odel sensitivity to  param eter changes o f  ± 25%  w as determ ined fo r sim ulated N H 3  fluxes (see Fig. 1) in tegrated  over the 
g row ing season o f  1998 a t the S ou thern  S cotland field site. T he param eters are listed in decreasing o rd er o f  the average o f  the m odulus 
values o f  the  relative changes in F N,totiNH .
from  a fit to the m easurem ents (see Section 2.2). 
However, the above m entioned postulated  con­
nection between the time scales o f the m easured 
net canopy N H 3 emission and  o f A^po is based on 
the assum ption th a t except for the two first days 
after fertilisation, the stom ata  are the m ain source 
o f  the net canopy N H 3 emission, as has been 
sim ulated (Fig. 6a; d a ta  only shown for June
1998). The im portance o f  the stom ata as a source 
for N H 3 emission after fertilisation has indeed 
been reported  for intensively m anaged fertilised 
grassland (H arper et al., 1996; Sutton et al., 
1998b).
In con trast to  the satisfactory qualitative agree­
m ent between sim ulations and m easurem ents con­
cerning the length o f the periods w ith increased 
N H 3 emission after fertilisation, the large m ea­
sured peak emissions in June o f 1998 and  1999 
could not be quantitatively  reproduced with the 
m odel (Figs. 7 and 9) (while some param eter 
values were chosen in order to  fit m odel sim ula­
tions to  m easurem ents in 1998, this fit did not 
include the peak N H 3 emissions). Similarly, the
sim ulated proportions o f  the am ount o f fertilised 
N H 4" N 0 3-  - N  lost through canopy N H 3 emission 
were at the lower end o f  the values reported 
elsewhere. W hile the sim ulated p roportions were 
in the range o f 0 .5-1 .1% , van der W eerden and 
Jarvis (1997) estim ated a value o f 1.6% for grass­
land in the U K , and according to  W hitehead 
(1995), they are typically between 1 and  3% for 
tem perate grassland areas. The reason for this 
underestim ation o f the net canopy N H 3 emission 
peaks after fertilisation in the sim ulations is 
probably  no t caused by an underestim ation in 
the stom atal N H 3 emission, because the sim ulated 
values for the stom atal com pensation po in t (Fig. 
8a) are above the range o f  values obtained in 
m easurem ents (Schjoerring et ah, 1998). F o r the 
same reason, too small a value for apoplastic pH , a 
highly uncertain param eter, is p robably  also not 
the reason why the sim ulated N H 3 emissions are 
too small. But it could be tha t PaSim  still under­
estim ates the soil N H 3 emissions after fertilisation, 
although the incorporation  o f a soil surface N H V 
layer and the layering o f soil N H V brought a
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significant im provem ent over previous PaSim 
versions with only a single soil N H Y layer (data 
not shown). Reasons could be that the im m ediate 
incorporation o f fertilised N  into the soil surface 
solution in PaSim is no t an adequate description of 
the processes influencing the fertiliser granules, or 
that the used value for soil pH  is too  small. F o r the 
same reason as m entioned above for N H 3 emission 
from  leaf litter, the m odel could underestim ate the 
N H 3 emission from  granules because it exposes the 
fertilised N H 4+ to different processes com peting 
for this substrate. Due to  the uncertainty in the 
m easurem ent o f soil pH , and the large model 
sensitivity to this param eter (Table 2), it is easily 
possible tha t it is the cause for an underestim ation 
o f soil N H 3 emission in the sim ulations. The 
fraction o f N H 3 emission loss from  fertilisers 
containing N H ^  does indeed show a large depen­
dency on the soil pH  (W hitehead, 1995).
4.1.2. Influence o f  grazing on N H 3 exchange
Only very small effects o f  grazing on N H 3
exchange were visible in the sim ulations for both 
1998 and 1999. However, as the cum ulative 
sim ulated am ount o f anim al excreta N  was 41 kg 
N  h a - 1  in 1998, and 46 kg N  h a - 1  in 1999, and 
with the assum ption tha t about 5% is em itted as 
N H 3 (Menzi et ah, 1997), a N H 3 emission from  
grazing o f about 2 kg N  h a - 1  would have been 
expected. In addition, significant N H 3 emissions 
during grazing were visible in the m easurem ents 
for 1999. The reasons responsible for the under­
estim ation o f soil surface N H 3 emissions after 
fertilisation are probably also partly  responsible 
for the underestim ation o f N H 3 emissions related 
to grazing. It has been postu lated  tha t urine is 
partially retained by leaves and dead leaf litter of 
grasslands, and th a t there is thus an increase in the 
am ount o f N H 3 emission, because the litter on the 
soil surface provides a surface for urease activity, 
reduces contact between the urine and the soil, and 
has little cation exchange capacity (W hitehead.
1995).
4.1.3. Influence o f  plant development stage on N H 3 
exchange
F or cereals, bim odal patterns o f N H 3 emissions 
related to developm ent stage have been observed,
and may be related to the gradual appearance o f 
senescing leaves and  anthesis-induced depression 
in N  uptake capacity and tran sp o rt (Schjoerring ct 
al., 1998; M attsson et al., 1993). However, it could 
be th a t these factors are less im portan t for 
intensively m anaged grasslands, because, due to 
cutting, these are m ainly in the vegetative devel­
opm ent stage during the growing season, and 
because in contrast to  cereals, the dom inating 
grassland species undergo a constan t tu rnover of 
leaves, with new leaves constantly  growing and 
senescing during the whole season. Consequently, 
these factors were no t represented in PaSim.
4.1.4. Uncertainties in the modelling o f  net canopy 
NH3 exchange with PaSim
U ncertainties in the m odelling o f net canopy 
N H 3  exchange are related to  the way the relevant 
processes are represented in PaSim , to model 
param eters, and to the input param eters. Several 
uncertainties concerning the representation o f 
processes in PaSim  have been m entioned above. 
A further uncertainty arises because PaSim  does 
not consider the form  o f N  taken up by the roots. 
However, it has been shown th a t plants absorbing 
N H 4 1" have higher N H 3  emissions com pared with 
plants absorbing N O j“ (M attsson and Schjoerring, 
1996; Schjoerring et al., 1998). This could explain 
the lack o f late sum m er emissions, and indicates 
the im portance o f further w ork to quantify  the 
controls on apoplastic N H ^ .
C oncerning the m odel param eters and the input 
param eters, the largest uncertainty is associated to 
the param eters tha t directly influence apoplastic 
N H Y, because small changes in these param eters 
lead to  large changes in the N H 3 exchange (Table
2). Significant im provem ents in the m odelling of 
N H 3 exchange could thus be achieved by con­
sidering factors th a t can influence these p a ra ­
meters. Concerning the param eter fFpiantfresh2dry, 
the shoot dry to  fresh weight ratio  (see Table 1 and 
Eq. (A l)), this could only be achieved by in trodu ­
cing a new p lan t w ater content pool into the PaSim  
model. However, this is beyond the scope o f  the 
current PaSim  version. It would probably  be m ore 
prom ising to  incorporate fu rther experim ental 
evidence about the factors controlling the active 
N H 4+ transpo rt system across the plasm alem m a,
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and abou t apoplastic pH . F o r example, it has been 
shown th a t apoplastic pH  is higher for N 0 3~ than 
for N H 4h nutrition , and th a t it seems to increase 
w ith increasing soil N 0 3~ concentrations in the 
ro o t m edium  (Schjoerring et al., 1998). The value 
o f  N H 3 perm eability o f the plasm alem m a, P NH ,r , 
is also uncertain and  was Fitted here w ith the 
a rb itrary  assum ption th a t the passive N H 3 diffu­
sion through the plasm alem m a, which is deter­
m ined by P n h 1,7'5 is an order o f m agnitude smaller 
than  the active N  transpo rt th rough the p lasm a­
lem m a (see Section 2.2). Subsequent literature 
search revealed some da ta  on N H 3 plasm alem m a 
perm eability for various organism s, with values 
being in the range o f  5.7 x 10— 6—7.8 x 10-4  m 
s _ 1  (K leiner, 1985; Ritchie, 1987; Raven et al., 
1992; Priver et al., 1993; Lande et al., 1995). 
Incorporation  o f a value in this range in the model 
led to  a poorer agreem ent w ith m easurem ents, and 
N apo tracking N sym directly. The original, much 
lower value in the m odel o f  / n h v20 (Table 1 ) has 
therefore been retained. It is possible th a t there is 
an additional resistance in the cell between the 
plasm alem m a and the substom atal cavities, and 
thus could account for the need to  apply a lower 
effective value o f / n h 3,20-
5. Conclusions
A tw o-layer resistance m odel for s o i l-p la n t-  
atm osphere exchange o f gaseous N H 3 has been 
coupled with the grassland ecosystem model 
PaSim , in order to  link N H 3 exchange with the 
p lan t and  soil N  status. This is a significant 
im provem ent over the em pirical treatm ent in a 
2L R M  of the stom atal com pensation point / s and 
the soil surface N H 3 concentration , and over the 
em pirical calculation o f  N H 3 emissions in previous 
grassland models. It has been show n th a t through 
the in troduction  o f an apoplastic substrate N  pool 
in PaSim  it is now possible to  relate / s in a 
satisfactory way to  the p lan t in ternal N  dynamics. 
Similarly, the in troduction  o f a N H V pool o f the 
soil surface and the partition ing  o f soil N H V 
am ong different soil layers is an  im provem ent 
over previous PaSim  versions in relation to 
b io sphere-a tm osphere  gas exchange (see also
Schmid, 2001 for gaseous emissions related to 
denitrification).
However, it has to  be m entioned tha t concern­
ing N H 3 exchange there are still some uncertainties 
remaining. It is no t clear a t the m om ent whether 
the underestim ation o f  N H 3 emission peaks after 
cutting and fertilisation in the sim ulations is 
related to  the way the N H 3 sources th a t are 
considered in this version o f PaSim  are represented 
and param eterised, or w hether this discrepancy 
occurs because o ther im portan t N H 3 sources are 
not yet incorporated  in PaSim. The w ork reported  
here represents the first time th a t the ecosystem 
dynam ics o f the N H 3 com pensation point have 
been modelled, and  it is hoped th a t this will 
stim ulate further experim ental research allowing 
im proved param eterisation  to  be developed.
A lthough im provem ents are still necessary in 
PaSim concerning the sim ulation o f N H 3 ex­
change, a very useful tool is now  available that 
can be used to investigate short and long term  
interactions between N H 3 exchange and the eco­
system N  status under various scenarios o f differ­
ent m anagem ent scenarios or clim ate change.




Fh2o ,C a p R is e (^ )
F f q O ,  D ra in a g e )^  )
■FfqO, I n f i l t r a t io n ^  )
/im m p rev a m m  
■^N.aposym
^ N .a tm .a m m
aqueous diffusion coefficient o f 
soil layer h (m 2 s~  ’) 
gaseous diffusion coefficient o f 
soil layer h (m 2 s - 1 ) 
capillary rise from  soil layer h +  
1 to h (m per day) 
drainage from  soil layer h to  h +  
1 (m per day)
soil w ater infiltration (m per 
day)
param eter for im m obilisation 
partitioning
active substrate N  flux from  
apoplast to  sym plast (kg N  m ~ 2 
per day)
atm . N H V- N  deposition other 
than  gaseous N H 3 (kg N  m -2  
per day)
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■^N,atm ,nit atm . N 0 3-  deposition (kg N f'N .rc 'c N recycling from  dead plant
m - 2  per day) m aterial (kg N  m -2  per day)
■^N.BNF biological N fixation (kg N m - 2 ^ N ,s ,N H 3 N H 3 flux th rough stom ata (kg
per day) N  m -  2 per day)
^ N ,c o n v ,a m m (^  ) convective N H x transpo rt from -^N ,so il,N H 3 soil surface N H 3 exchange (kg N
soil layer h to  h + 1  (kg N  m “ 2 m ~  per day)
per day) -^N ,sy m ap o ,N H 3 N H 3 diffusion between apoplast
-^N ,cuticle,soil N  flux from  cuticle to soil sur­ and  sym plast (kg N  m ~ 2 per
face (kg N  m ” 2 per day) day)
-^N ,dea th N  lost through p lan t death (kg ■ ^N ,sym apo,cell,N H 3 passive N H 3 diffusion flux per
N  m - 2  per day) cell surface area (kg N  m - 2  cell
■ fN ,d iff,aq ,N H , ( / 0 Aqueous N H 3 diffusion from surface per day)
soil layer h to  h +  l (kg N  m - 2 -^ N ,to t,N H 3 net canopy N H 3 exchange (kg N
per day) m - 2  per day)
^ N ,d if f ,a q ,N H  + ( / 0 aqueous N H 4+ diffusion from urine N H V- N  from  urine excreted by
soil layer h to  h +  l (kg N  m - 2 grazing anim als (kg N  m - 2  per
per day) day)
^ N ,d if f ,g ,N H 3( ^ ) gaseous N H 3 diffusion from  soil ^ N ,w ,N H 3 cuticular N H 3 uptake (kg N
layer h to  h + 1  (kg N  m  -  2 per m -2  per day)
day) fnHA + ,N m olar fraction o f N H 4+ in Napo
■ ^N ,diff,am m (^ ) NH.V diffusion from  soil layer h (mol m o l- 1 )
to h + 1 (kg N  m - 2  per day) yN2Onitrif{^0 fraction o f  nitrified N H q“ - N
-^N ,fert,am m NHq" input from  m ineral ferti­ converted to  N 20
lisation (kg N  m - 2  per day) / r o o t W fraction o f  roo ts in soil layer h
■^N,fert,nit N 0 3-  input from  m ineral ferti­ ^■aposym.T rate param eter (per day)
lisation (kg N  m “ 2 per day) -^ a ,N H 4 + , r dissociation constan t o f  N H /
^ N ,g raz in g ,su b substrate N  loss th rough grazing (M)
(kg N  m - 2  per day) -^ h ,N H 3,T henry equilibrium  constan t o f
■^N, grow th N used for grow th o f  structural n h 3
plant m aterial (kg N  m ~ 2 per LAI leaf area index (m2 leaf surface
day) m -2 )
-^N .im m ob to tal soil N  im m obilisation (kg ■^apo apoplastic substrate N  concen­
N m - 2  per day) tra tion  (kg N  kg “ 1 structural
^ N .im m o b .a m m ^ O N H 4+ im m obilisation in soil D M )
layer h (kg N  m ~ 2 per day) [ N ] a p o m olar apoplastic substrate N
-^ N ,im m o b ,n it(^ ) N 0 3~ im m obilisation in soil concentration  (M)
layer h (kg N  m ~ 2 per day) A im m f ^  ) am m oniacal N  in soil layer h (kg
■^N, leach, n it(7 0 N 0 3~ leaching from  soil layer h N m - 2 )
to h + 1 (kg N  m ~ 2 per day) surface am m oniacal N  o f soil surface
^ N ,m a n u re ,  N H  + N H /  input from  m anure appli­ (kg N  m -2 )
cation (kg N  m - 2  per day) N U h ) N O ^ - N  in soil layer h (kg N
F N mi W N m ineralization in soil layer h m -2 )
(kg N  m -2  per day) ^ s u b p lan t substrate N  concentration
^‘N ,n itd en itrif(^  ) N O j“ used in denitrification (kg (kg N  k g - 1  structural D M )
N m ~  per day) NJ v sym sym plastic substrate N  concen­
^ N ,n i tr if{ ^  ) nitrification in soil layer h (kg N tra tion  (kg N  k g - 1  structural
m - 2  per day) DM )
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[N]sym m olar sym plastic substrate N ^N.sub to ta l p lant substrate N  (kg N
concentration (M) m “ 2)
tftot p lan t to ta l N  concentration  (kg Wsh p lan t structural shoot dry m at­
N k g - 'D M ) ter (kg structural D M  m -2 )
[N H 3]apo m olar concentration o f apo­ ^shtot to ta l p lan t shoot dry m atter (kg
plastic N H 3 (M) D M  m “ 2)
[N H 3]sym m olar concentration  o f sym ­ zs(A) depth o f soil layer h (m)
plastic N H 3 (M) Za N H 3 concentration at 2m above
[Nbisjaq,surface N H 3- N  in aqueous phase o f soil soil surface (pg N H 3 m ~ 3)
surface (pg N  m ~ 3) Xc N H 3 concentration  a t leaf sur­
[N H 3]aq(/i) N H 3- N  in soil aqueous phase of face (pg N H 3 m - 3 )
soil layer h (pg N  m - 3 ) Xs stom atal N H 3 com pensation
[N H 3]gSurface N H 3- N  in gaseous phase o f soil po in t (pg N H 3 m “ 3)
surface (pg N  m -3 ) Xsoi\ soil surface N H 3 concentration
[N H 3]g (h) N H 3- N  in soil gaseous phase of (pg N H 3 m - 3 )
soil layer h (pg N  m ~ 3) X(zo) N H 3 concentration  a t in -c a n o ­
[N H 4+ ]apo m olar concentration o f ap o ­ py exchange layer (pg N H 3
plastic N H 4+ (M) m ~ 3)
[N H 4+]sym m olar concentration o f sym­ At m odel time step (day)
plastic N H 4+ (M) r s apoplastic N H 4+ to H + con­
[N H 4 ]aq,Surface N H ^  - N  in aqueous phase o f centration ratio
soil surface (pg N  m “ 3) 0s(h) volum etric w ater content in soil
[N H 4+ ]aq(/0 N H 4+ - N  in soil aqueous phase layer h (m 3 m ~ 3)
o f soil layer h (pg N  m “ 3) ^s,sat(^) volum etric w ater content at sa­
[NH 4+ ]s(/z) N H ^  - N  in soil solid phase o f tu ra tion  in soil layer h (m 3 m ~ 3)
soil layer h (pg N  k g “ 1 dry soil) p m bulk density in soil layer h (kg
P  N H ,,T N H 3 perm eability o f the plas- dry soil m “ 3)
m alem m a (m s _1)
R a aerodynam ic resistance (s m _ )
R¡1C in-canopy aerodynam ic resis­
tance (s m “ ') Acknowledgements
R b leaf boundary  resistance (s m  ~ ')
R H relative hum idity (%) This w ork was supported  by the Swiss N ational
R s leaf stom ata  resistance (s m ~ ') Science F oundation  through a T M R  fellowship,
Rw cuticular resistance (s m “ 1) and it contribu ted  to  the E U  project ‘G R A M I-
7j leaf tem perature (K) N A E ’ (CT98-0722). M AS is grateful for support
Tss soil surface tem perature (K) from  the U K  D epartm ent for Environm ent, Food
b^N.amm total roo t N H 4+ uptake (kg N and R ural A ffairs (contract E P G  1/3/94).
m _ ~ per day)
roo t N H 4+ uptake from  soil
layer h (kg N  m - 2  per day) Appendix A
b^N,nit(^) roo t n itra te  up take from  soil
layer h (kg N  m -  2 per day) M olar apoplastic and symplastic substrate N
R ^N ,apo Substrate N  in apoplast (kg N concentrations
m -2 ) The m olar sym plastic and apoplastic N H 4+
f^N,struct p lan t structural N  (kg N  m - 2 ) concentrations used in Eq. (9), [N]sym and [N]apo
^N.sym Substrate N  in sym plast (kg N (M ), are calculated from  the symplastic and
m 2) apoplastic substrate N  concentrations per struc-
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tural dry m atter, A sym and jVapo (kg N  (kg 
structural D M )-1 ), as:
[N]sym =
^ s y m (  ^ s h / ^ s h t o t X  ^p lan tfresh 2d ry /^  ^p lan tfrcsh 2dry)
(1  - / H 3Oapo)/0.014
M . p o  =
^ a p o (  ^ s h /  ^ s h to tX  ^ p lan tfrcsh 2dry /  _̂____ ^ p lan tfrcsh 2dry)
U o a J  0-014
(A l)
where ¡Vsh is the shoot structural dry m atter (kg 
structural D M  m ~ 2), and H ^ h t o t  is the to tal shoot 
dry m atter (kg D M  m ~  ). The tw o new model 
param eters / H 2o a P o  and  IFpiantfreshedry (kg D M  
k g - 1  FM ) represent the fraction o f leaf water 
that is in the apoplast, and the shoot dry to fresh 
weight ratio, respectively. The constant 0.014 is a 
unit conversion factor.
Soil ammoniacal species
In each soil layer, the soil am m oniacal N  is 
divided am ong gaseous and aqueous N H 3, and 
aqueous and exchangeable soil solid N H 4+ . Total 
am m oniacal N  in soil layer h, V amm(/z) (kg N  
m - 2 ), is then given by:
(z,(/z) -  zs(/z -  1)) 10—6
= (W A ) -  W )[N H 3]g(A) + 0s(A)[NH3]aq(A)
+  0s(/z)[NH4+]aq(/z) +  p b(/z)103[N H 4+]s(/z) (A2)
where [N H 3]g(/i) (pg N  m “ 3) is N H 3 in the soil 
gaseous phase o f soil layer h, [N H 3]aq(/i) (pg N 
m “ 3) is N H 3 in the soil aqueous phase o f soil layer 
h, [NH4+ ]aq(/z) (pg N  m - 3 ) is N H /  in the soil 
aqueous phase o f soil layer h, and [N H 4+ ]s(/i) (pg 
N  k g - 1  dry soil) is N H /  in the exchangeable soil 
solid phase o f  soil layer h . Furtherm ore, for each 
soil layer h, zs(/z) (m) is the depth o f the soil layer, 
9s(h) and 0s,sat(/z)) (m 3 rn - 3 ) are the actual and 
saturated  volum etric soil w ater content, and Pb(h) 
(kg dry soil m ~ 3) is the bulk density. The 
equilibrium  describing the partitioning o f NFI4+ 
am ong the aqueous and the exchangeable solid 
phase is given by a Freundlich equation  with the
param eters flNH + ads(A) and ¿NH+ads(A) (Singh and 
Nye. 1984):
[N H 4+L(/f) =  nNH, ads(A)[NH4+]aq(/04m«+- ,W (A3)
An implicit assum ption behind the partition ing  
o f am m oniacal N  for each soil layer is tha t the 
equilibrium  between the different NH.V species is 
‘instan taneous’ com pared with the speed o f ver­
tical exchanges. Com bining Eq. (A2) with the 
H enry and dissociation equilibria and Eq. (A3) 
yields an equation for [N H 4+ ]aq(/i) for each soil 
layer It:
Nsmm(h)
(zs(/z) -  zs(/z -  1 ) ) 10 -6
=  « U W  -  g , ( A ) ) „  p H  1 — 4  J a q
h.NHj.ïC ) PHsoi'
x (A) +  0 fh )K MH; (/z)10pH- [ N H / ] aq(/z)
+  0s(A )[N H /]aq(A) +  p bW & a m } td l(h) 
x  [ N H 4+ ] a q ( A ) iN H *+ - (A) ( A 4 )
r(A)
[ N H 4
A roo t finding m ethod which com bines N e w to n - 
R aphson  and bisection is used to  obtain 
[ N H /] aq(/z) from  Eq. (A4) for each soil layer h.
Vertical soil N H X fluxes
Vertical N H A- exchange between the soil surface 
layer and the soil layer 1 (Eq. (12)), and between 
adjacent soil layers (Eq. (13)) is assum ed to  occur 
th rough convective tran sp o rt in the aqueous 
phase, and th rough diffusion in both  the gaseous 
and aqueous phase (van der M olen et al., 1990). 
The convective N H V flux from  the soil surface to 
soil layer 1 , F N,conv,amm(0), is given by:
N ,c o n v ,a m m (0)
( [ N H 4 ] a q Surf acc
[NH 3 Ja q ,su r fa c e . O ,In filtra tio n io- (A5)
where F h 2o,infiltration (m per day) is soil water 
infiltration (Riedo et al., 2000), and [N H 3]aq surface 
(pg N  m ~ 3) is the soil surface N H 3 concentration. 
The convective N H * flux between soil layers h and
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h + 1  is given by:
N,conv,amm (h)
=  ([N H 4+ ]aq(/l) +  [N H 3]aq(/0)JPH2O,Drainage(/010-
■([NH4+ ]aq(/! + l)  +  [N H 3]aqx ( H l ) )
F,H 20 ,CapRisc (/i) 1 0 - 9 (A 6)
w here F H2o,Drainage(A) (m Per day) is soil w ater 
drainage, F H,o,capRise(/0 (m Per day) is soil w ater 
capillary rise (R iedo et al., 2000), and  10-9  
converts between pg and kg. The diffusive N In ­
fluxes F Njdiffiamm(/;) in Eqs. (12) and (13) are the 
sum  o f gaseous N H 3 diffusion, FNjdifrjgiNH (A) (kg 
N  m - 2  per day), aqueous N H 3 diffusion, 
F N ,diff,g,N H  ( h )  (kg N  m ~ 2 per day), and aqueous 
N H 4+ diffusion, F NidifTiaq,NH4+(/3) (kg N  m - 2  per 
day), which are calculated as:
FN,difr,g,NHj(̂ )
= ^easeous î h + 0
x ([N H 3]r (/i) -  [N H 3]b(/2 +  1)) 





=  ^ a q u e o u s  ( A ,  A  +  1 )
x ([N H 3]aq(/l) -  [N H 3]aq(/7 +  1)) 




F {h)N, difT, aq, NH,
= Aumcouŝ . h + !)
x i[NH4+l Q(h) -  [N H f  ].K|(/i +  1)) 




w here D aqueous(h,h +  l) is the weighted m ean for
soil layers h and  h + 1 o f D.dqueous(h) (m s “ 1), the 
aqueous diffusion coefficient, and  Dgaseous(h,h +  1 ) 
is the weighted m ean for h and  h +  \ o f -Dgaseous(/i) 
(m s _1), the gaseous diffusion coefficient. The 
factors 10~ 9 and 86400 convert units. The aqu­
eous and gaseous diffusion coefficients are calcu­
lated according to  van der M olen et al. (1990). For 
the diffusion between the soil surface and  soil layer
1 , the diffusion coefficients o f soil layer 1 are used, 
[N H 3]g(0) is equal to [N H 3]g,surface, [N H 3]aq(0) is 
equal to [N H 3]aq,surface, [N H 4+ ]aq(0) is equal to 
[N H 4+ ]aqiSUrface, and zs( —1) and zs(0) are zero. 
[A 1 FJg,surface; [N H 3]aqjSUrface, and [N H 4 ]aq,surface
are given by Eq. (10) and the H enry and dissocia­
tion equilibria (Sutton et al., 1994).
Partitioning o f  N O f  among different soil layers
Similar to  soil am m oniacal N , N 0 3~ has also 
been divided am ong the different soil layers. For 
soil layer 1, the N 0 3-  dynam ics is given by:
dA nit(l)  
d t ■^N,atm,nit N,fert,nit
+  0  — / N 2Onitrif0 ) ) ^ N ,  n itr ifO )  
^N ,nitdcnitrif0 )  ^ N .n i t ( ^ )
FN,immob,nit N,lcach,nitit(l) (A 10)
and for the rem aining layers by:
= 0  — /N,Onitrif(̂ ))FN,nitnf(̂ )
dAnit(/i)
d i
A  A N j l itd c n i t r i f ( ^ )  " b  ,]caCh ,n it ( A  1 )  
^N.nit(̂ ) Ffsjiimmob,nit(̂ )
N,leach,nit 0h) (A ll)
where F N,atm,nit is atm . N 0 3-  deposition, FN?fertjnit 
N 0 3_ is input from  m ineral fertilisation, F N>nitrif(/i) 
is nitrification, F Nnitdenitrif{/i) is N 0 3_ used in 
denitrification, t/Ninit(/i) is roo t n itra te  uptake, 
F N,immob,nit(^) is N 0 3-  im m obilisation, and 
Fn ,leach,nit(^) is N 0 3~ leaching. In contrast to 
N H V, vertical transpo rt o f N 0 3_ in PaSim  occurs 
only th rough leaching, which is calculated as:
F,N,leach,nit (h)
(zs(/i) -  z fh  -  1 )W fh) H20 ,Drainage
(h)
Anit(/7 + 1)
(z,(A +  1 ) -  z fh ))0 f h  +  1 )
-F,H 20 ,C a p R is e (A)
(A 12)
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Partitioning o f  soil N  fluxes among different soil 
layers
Because soil N H 4+ and N 0 3~ have been divided 
am ong the different soil layers in this new version 
o f PaSim, the associated N  fluxes (Eqs. (13) and 
( Al l ) )  were also partitioned am ong the different 
layers. F o r N  m ineralization, FN (/?), a vertical
min
distribution according to the roo t dry m atter 
profile /root(h) was assumed, and for roo t N H 4+ 
and N 0 3_ uptake, UNt.dmm(h), and i/N>nit(/0, dis­
tributions according to the product o f the roo t dry 
m atter profile and the profile o f  soil am m oniacal 
N  and soil N 0 3- , respectively. N itrification, F n ,ni­
trifié), and N O f  used in denitrification, iXnitdem- 
triffh), are calculated separately for each soil layer 
(Schmid, 2001). N H /  and N 0 3-  im m obilisation 
for each layer h, FN>immob,amm (kg N  m - 2  per day) 
and F N,immob,nit (kg N  m - 2  per day) are given by:
, i m m o b. n 11
(Aamm(/1) +  N ni, m  x / rool(/Q
Y ^ (N amm(h) +  N niM  X / root(/i)  
h
^ _____-/immprcfamm ^  ^amm(^)______p
(/imrnp,rcfanun >< +  N ^ h ))
(A 13)
•̂ N,immob,nit(̂ )
(^ammW + ^nitW) X/ r00tW
^ ( N amm(/i)  +  N nn(h)) x / root(/i)
h
x  " M  F
(/immprcfamm X N amm(/l) +  N mfh ))  N-"“ °b
(A14)
where the param eter yimmprefamm accounts for the 
observation tha t the associated m icro-organism s 
favour N H /  over N 0 3-  for soil N  im m obilisation, 
^N.immob (kg N  m - 2  per day) (Recous and M ary, 
1990).
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